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Abstract
This thesis presents the design, development and application of a number of platform
technologies for the study of lipid-phase behaviour and bio-membrane mechanics. This
includes an automated laboratory based X-ray beamline with a multi-capillary sample
chamber capable of undertaking small angle X-ray scattering measurements on a maxi-
mum of 104 samples at a time as a function of temperature between 5 and 85◦C. The
modular format of the system enables the user to simultaneously equilibrate samples at
eight different temperatures with an accuracy of +/-0.005◦C. This system couples a ro-
tating anode generator and 2-D optoelectronic detector with Franks X-ray optics, leading
to typical exposure times of less than five minutes for lyotropic liquid crystalline sam-
ples. Beamline control including sample exchange and data acquisition has been fully
automated via a custom designed LabVIEW framework. In addition this thesis presents
an overview of the development of a suite of tools for undertaking fluctuation analysis
measurements of lipid vesicles under a variety of conditions including as a function of
hydrostatic pressure. These and other biophysical techniques have been used to study a
variety of binary lipidic systems determining key parameters ranging from spontaneous
curvature and bending rigidity through to p-T dependent phase behaviour.
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1 Introduction
This chapter discusses the principles of lipid self assembly and their application in un-
derstanding the role of membranes in cell function. This includes a brief introduction to
the variety of phases adopted by lipids at different physical conditions and insight into
the underlying principles driving phase transitions. Finally an overview of the thesis and
chapters is outlined.
1.1 Overview
Cell consists of various organelles that function in a highly coordinated and directed man-
ner to bring about metabolic processes and maintain homoeostasis. Much of our interest is
in understanding biological membrane architecture and function; the birth of which defined
the first ever cell. Membranes adopt a variety of roles from the basic compartmentaliza-
tion to the signalling events occurring at the interface. They participate in controlling
protein function, regulating transport of various molecules in and out of the cell, signal
transduction by providing trans-membrane receptors that bind signalling molecules, cell
recognition, providing anchoring sites for cytoskeletal filaments or components of the ex-
tracellular matrix. This allows the cell to maintain its shape and move to distant sites.
They provide a stable site for the binding and catalysis of enzymes, regulating the fusion
of the membrane with other membranes in the cell to name a few.
A cell membrane is an aggregate of proteins and amphiphiles called phospholipids,
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first observed in 1811 in the material extracted from brain, resulting from the addition
of polar head groups to the non-polar chains. A number of models have been suggested
to describe the structure and dynamics of the biological membranes. The most accepted
one is the fluid mosaic model which describes the membrane to be a two dimensional fluid
composed of lipids, arranged in a bilayer organization which acts as a frame for the various
protein interactions occurring at the interface. This model is based on the fundamental
principle of optimization of the hydrophobic interactions among the amphiphilic molecules
that form the membrane. As a result of this, the polar group of the amphiphilic molecule
is exposed to the aqueous solvent while the non polar and acyl group is buried inside the
hydrophobic part in the membrane.
The proteins embedded inside the membrane also follows this rule and hence the
charged or the polar part faces the aqueous part where as the non-polar part is buried
inside the non-polar layer of the lipid molecule. The proteins and the lipids can laterally
diffuse in the membrane but cannot escape from the membrane arrangement because of the
huge energy costs in doing so(Singer and Nicolson). This model however doesn’t describe
membrane deformations, fusion events and the possibility of the changes in the structures
when a mixture of lipids are present in the bilayer, a situation that exists in a real cell.
With the increase in our understanding of these species, remodelling of the fluid
model is considered. Significant work has been done to understand the role of phos-
pholipids in cellular funtions. There are a number of experiments that were conducted
to achieve this with artificial and reconstituted systems in vitro, some of which will be
described in this chapter.
There exists a huge variety of lipids and it is this diversity that enable it to take
numerous crucial roles in a cell. The composition of every membrane inside the cell or
outside vary significantly (Holthuis and Levine (2005)). The distribution of lipids within
the two leaflets of the most common bilayer arrangement in a cellular membrane is also
heterogeneous. Most of the amino phospholipids, PS (phosphotidylserine) and PE (phos-
photidylethanalomine) lipids are located in the inner leaflet of the lipid bilayer whereas the
14
Lipid phase behavior and membrane function Introduction
choline phospholipids and sphingolipids are located in the outer leaflet of the membrane.
The heterogeneity is well maintained with the help of enzymes called flippases, floppases,
scramblases and proteins (Daleke (2003);Zwaal et al. (1998)). It is observed that loss in
the asymmetric distribution of lipids may lead to apoptosis. For example the exposure
of the PS phospholipid on the outer leaflet, there by losing the PS lipid asymmetry may
lead to heart diseases and certain diseased state like the diabetes (Wali et al. (1988)).
This asymmetry is also important for a membrane to be able to interact with different
components of the cell, with specific proteins and internal signalling to name a few. For
example it is found that several structural proteins and the regulatory proteins such as
the PKC, annexin, membrane skeletal proteins like spectrin appear to localize to the cy-
toplasmic face of the membrane through their interaction with PS. Investigation of the
effect of lipid asymmetry on the mechanical properties of the red blood cell reveals that
membrane asymmetry is important for the mechanical stability of the cell and that the
specific protein lipid interactions (spectrin-actin and the PS lipid) are capable of with-
standing huge levels of shear stress (Manno et al. (2002)). The asymmetrical distribution
also changes the physical properties of the cellular membrane.
Views on organization of cellular membranes, the distribution of the lipids in a
bilayer, their role in protein folding, the existence of domains are rapidly changing. While
there are innumerable other interesting issues to be understood and analysed, the present
report focuses on the hydration properties of the lipids and their importance in protein
function.
1.2 Lipid phase behavior and membrane function
1.2.1 Lipid Polymorphism
Phospholipids arrange themselves into a number of different structures from flat bilayer to
micelles to bi-continuous cubic phases to inverse hexagonal phases. Factors that determine
the shape of the aggregate are the lipid head group area, chemical composition, chain
length, temperature and hydration. These structural properties play an important role
in defining specific functional characteristics of membranes and membrane proteins. The
term lipid polymorphism refers to the existence of two or more crystalline modifications
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of the same substance (discovered by Mitscherlich). The polymorphic modifications differ
from one another in all physical properties but yield identical liquids and vapour phases
(Cullis and Kruijff (1978);Gruner (1985)) .
1.2.2 Structural Classification
Lipids in aqueous solution display a variety of liquid crystalline phases due their amphiphic
nature. pH, ionic strength, hydration, temperature or pressure effects the phase of the
membrane. Changes in these parameters along with the type of lipid molecule present can
induce phase transitions where lipid assembly goes from one configuration to the other.
Fig.( 1.1) shows some of the mesophases a lipid organization can take under changes in
temperature and pressure 1.
Understanding of how these transitions occur in a lipid aggregate is of keen interest
among the theorists ever since their discovery. Early attempts in understating the ther-
modynamics of phase preference was performed by Isrealichivilli and Tanford. The inter-
action of different aggregates at higher concentrations determine the different mesophases
adopted by them Tanford (1979). The interactions could be due to an attractive, mostly
hydrophobic or interfacial tension or repulsive forces, mostly electrostatic, steric and hy-
dration forces between the aggregates. It was proposed that such preferences occur as
a result of the competition between an attractive force (hydrophobic effect) and the in-
terfacial tension forces and the various repulsive forces (hydrophilic interactions) such as
steric, electrostatic and hydration energies. An optimal surface area a0 is defined and the
interfacial free energy in terms of the optimal surface area is given by:
µ0N = 2γa0 +
γ
a
(a− a0)2 a0 = optimal surface area per molecule.
The most favoured structure is then decided by the value taken by a shape factor
defined as v0a0lc where v0 is the volume of the hydrocarbon chains and lc is the critical
chain length (Israelachvili (1992);Israelachvili and Mitchell (1975)). a0 being dependent
1 In Fig. 1.1The inverse hexagonal and inverse cubic phases should be in the reverse order. The sequence
is lamellar- inverse cubic - inverse hexagonal.
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Figure 1.1: Common lyotrophic mesophases.Figure depicts various structural organisation a lipid
aggregate can adopt when dispersed in water. They can go from one organisation to the other when the
temperature or pressure is changed. These effects are qualitatively explained on the effective shape a lipid
molecule takes as a result of changes in the environmental conditions. Further pressure and temperature
have opposing effects on the overall shape of lipids.
of various interactions occurring at the interface. eg. the hydration effects, steric effects,
long range interactions etc. The effective shape is broadly classified into three categories:
Type I (where v0a0lc < 1),Type 0( where
v0
a0lc
= 1) and Type II (where v0a0lc > 1). Fig. 1.1.
While this was a qualitative approach and could explain many polymorphic prop-
erties, there were many aspects that were not taken into account (the fact that there are
perturbations in the hydrocarbon chains, inter aggregate interactions and the exact vol-
ume being not same at different temperature). Further cubic or inverse hexagonal phases
could not be explained with just geometric packing considerations. Statistical approaches
to understand phase preferences by Gruen and Benshaul involved calculation of proba-
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blity distribution function for a single chain and correlation of the lateral stress to packing
constraints. It was emphasized that apart from the packing constraints, it is important to
take into account the entropy factors in order to fully understand organization in a lipid
aggregate (Ben-Shaul (1995)). In this present thesis, we are interested in investigating
lamellar and inverse hexagonal phases only. For our purposes this qualitative treatment
suffices to understand the effect of type II lipids on lamellar phase forming lipids(Type 0).
Classification of lamellar phases
Lipids that adopt lamellar phases can be further classified into various sub categories
depending upon the hydrocarbon chain flexibility. Most common phospholipids at low-
temperature are in subgel liquid crystalline phase (Lc) where the hydrocarbon tails are
highly ordered and show a tilt with respect to the bilayer (Seddon and Templer (1995)).
As the temperature increases subgel transforms to lamellar gel phases. In these gel phases,
the bilayer is more hydrated compared to the Lc phase. The hydrocarbon tails still show
high order but it is less than what is seen in the Lc phase. In the Lβ phase the tails are
ordered parallel to the bilayer normal, while in the Lβ′ phase the tails show a tilt angle
with respect to the bilayer normal.
Figure 1.2: Various lamellar phases adopted by lipids. Depending upon the head group struc-
ture, hydration and degree of chain splay, lamellar phases can occur in various configurations. At low
temperature, the head group area is high and chain splay is restricted leading to the formation of liquid
crystalline phase(Lc). Upon increase in temperature chain splay is increased and with increase in the level
of hydration, the tilt is reduced(Lβ). Further increase in temperature leads to the formation of Pβ′ and
eventually Lα phase.
The tilting occurs when the head-group area packing requirement exceeds twice that
of the chains. The tilting allows the packing mismatch to be accommodated. At higher
temperature, the gel phase undergoes a transition to the Lα phase, which is also called the
liquid crystalline or fluid phase; the tails are disordered and do not show any tilt. This
phase is physiologically the most important phase. The transition from the ordered gel
phase to the disordered liquid crystalline phase occurs through a series of phases starting
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from Lβ phase to inter-digitated Lβ phase to a ripple phase where a combination of Lβ
and inter-digitated Lβ are present in a bilayer and eventually acquiring the Lα (Seddon
and Templer (1995)) phase.
The rippled phase is characterized by a long-wavelength rippling of the bilayer and
an (anomalous) swelling of the membrane. The hydrophobic chains are ordered and there
is a preferred tilt angle with respect to the bilayer normal. The temperature interval
between the pre-transition and the main transition decreases with increasing chain length.
For chains containing more than 20 carbon atoms the pre-transition is not observed. It
is assumed that this transition disappears completely or that the temperature interval
between the pre-transition and the main transition is too small to be observed. The
rippled phase is only observed in bilayers containing phosphocholine lipids, of which the
low-temperature phase is the Lβ′ (Kranenburg and Smit (2005)).
Statistical mechanical approach towards phase preference
Statistical treatment of the problem was attempted by Siegel (2000) while understanding
the fusion of membranes. Various approaches towards the problem included the mean
field theoretical calculation using lattice dynamics, entropy considerations and line defects.
These explanations are not generic but pertain to the specific experimental results. Recent
article by Li (2000) describes transitions by taking into account the charges of the lipid
system. The model describes the lipid to be composed of a flexible chain with an amount
of charge eQh1. The free energy thus calculated depends on a parameter that decides the
minimal value of the free energy. While it is observed that a neutral lipid in the presence
of solvent prefers a hexagonal phase, the charged lipids tend to form bilayers under similar
conditions. The model also predicts that it is the short range solvent lipid interactions that
changes rapidly and hence contribute to the phase preference to a larger extent. These
results are in good agreement with the experimental data quoted in the paper however
calculation of partition function for the real system is still difficult.
Other theoretical approaches include work by Gruner (1985) who used the concept
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of intrinsic curvature of the monomer described by Helfrich (1973) and proposed that
this decides the shape of the aggregate in biological systems. Briefly, the free energy is
dependent on the shape of the molecule taken into consideration ( as described by the
shape parameter) and is divided into two terms: the elastic free energy term and the
hydrocarbon chain packing energy apart from other terms that describe the hydration
and electrostatic terms. The elastic free energy is given by :
µE = k(
1
R
− 1
R0
)2
Where k is the elastic constant and R0 is the intrinsic radius of curvature that minimizes
the curvature energy. Factors that increases the splay of the tail decreases the value of
R0 and factors that increases the effective head group area increases R0. While there
were subsequent experiments done in order to understand the hypothesis, questions on
the accurate measurement of the radius of curvature still remained (Gruner (1985)).
1.2.3 Lateral stress profile and curvature elastic energy
The phase behaviour of lipid systems based on the molecular structure is formulated by
taking into account the lateral stress profiles along the length of the lipid. Lateral stress
is the pressure applied by the neighbouring molecules on the central chain region as a
result of the packing constraints in a monolayer/bilayer in order to achieve a uniform
density of chain segments. The lateral stress at different regions of the bilayer across
its length is different and includes contributions from various intermolecular interactions
(Helfrich(1981)).
The lateral stress near the head group region is repulsive with contributions from the
hydration, steric and electrostatic interactions with small amount of attractive term com-
ing from the hydrogen bonding of the head groups. Table 1.1 represents the contribution
to the lateral pressure profile from various interaction forces (Marsh (1996)).
The lateral stress is related to the bending elastic modulus κ and the spontaneous
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(a) Depiction of various intermolecular
forces acting across a bilayer.
(b) Lateral stress profile across a lipid
molecule as a result of various intermolec-
ular forces.
Figure 1.3: Lateral stress profile: Pictorial representation of the lateral stress profile
arising from various intermolecular forces acting across a lipid membrane.(a) Representa-
tion of various forces that may act across a lipid bilayer. (b) Lateral stress pi(z) across a
lipid molecule.
curvature C0 as:
κC0 = −1
2
w
pi(z)zdzκG =
w
τ(z)z2dz (1.1)
This approach uses the statistical thermodynamic calculations of the free energy in
terms of the elastic properties of the membrane. We will discuss these concepts in greater
detail in forthcoming chapters.
Helfrich treated the bilayer to be equivalent to a thin liquid like hydrophobic film
bounded by two hydrophilic interfaces and calculated the elastic free energy given by
Helfrich (1973):
gc = 2κ (H −H0)2 + κGK
where: gc Elastic free energy, κ the mean curvature modulus, κG the Gaussian curvature
modulus H the mean curvature H0 Gaussian curvature.
Here
H = c1 + c2
where c1 and c2 are the principal curvatures.
H0 = 2c0
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c0 being the spontaneous curvature of the monolayer and
K = c1.c2
Type of Interaction Special Features
Van Der Waals A force that exists between all bodies
Electrostatic A force that exists only between
charged molecules or surfaces
Thermal Fluctuations. A temperature dependent force associated
with the local concentration and
configuration entropy of atoms or the
molecular groups that enhances the
steric repulsion. Usually Repulsive.
Steric The short range quantum mechanical repulsive
force that defines the geometry of the molecule
Hydrogen Bonding A special electrostatic binding(attractive)
interaction involving positively charged
H atoms covalently bound to
electronegative atoms.Directional
Hydrophobic A special attractive interaction in water
between inert, non polar molecules or surfaces
Table 1.1: Various interactions and their region of activity
The mean curvature and Gaussian curvatures determine the shape of the aggregates
along with the average area per head group that defines the packing constraint. The
conformational properties are closely related to the bending rigidity and mechanical prop-
erties of the membrane. Fig. 1.5 depicts the Gaussian and mean curvatures defined for a
monolayer arrangement. There are four different shapes that a membrane can take with
different combinations of the principal curvature values.
At equilibrium the sum of all the interaction forces contributing to the lateral pres-
sure is zero so that the monolayer is in a tension free state which is explained as Ces and
Mulet (2006)
w
τ(z)zdz = 0
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Where τ(z) is the lateral stress across the lipid (Fig. 1.3). The bending of the
monolayer is then decided by the dominant stress among the head or the tail region. This
is represented by:
κH0 = −1
2
w
τ(z)zdz
However, in a biological membrane the lipids prefer a bilayer arrangement so that
the net tension is never equal to zero. The forces at different regions of the lipid result
in a torque with respect to the midplane of the lipid. The Gaussian curvature for such a
system is found to be related to the second moment of the lateral stress given by:
κG =
w
τ(z)z2dz
In this arrangement, each monolayer is constrained to remain a bilayer configuration
in order to minimize the free energy and hence deviate from their respective preferred
curvature. This leads to a packing frustration and the bilayer is said to be in a stressed
state. This curvature stress plays an important role in various lipid protein interactions
and signalling events by sensing and changing the amount of stress and thus modulating
the shape of the monolayers/bilayers. Fig. 1.4 depicts the packing frustration in a bilayer.
Thus it is possible to understand the final polymorphic form a lipid aggregate can
take if the form of the lateral stress profile is known. The value of which will in turn
give the elastic constants. One can get a better understanding of the lipid polymorphic
behaviour without actually calculating the forces contributing to the free energy of the
aggregate but by knowing only the elastic constants, a measurable quantity.
Among these phases, we are focussing on the lamellar and hexagonal phases. Hexag-
onal phases are non lamellar structures that are identified as to be play a vital role in mem-
brane protein function. For example, the translocation assay experiment on the proteins
pro OmP A, SecA, SecYEG extracted from E.Coli and reconstituted in liposomes contain-
ing DOPE indicate a significant increase in the activity of the protein in the presence of
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Figure 1.4: Packing frustration in a lipid bilayer: Monolayers made of cylindrical molecules of zero
spontaneous curvature form lamellar structures where the membranes are in a less stressed state. For type
I, typeII lipids the spontaneous curvature is not zero and to remain in a lamellar state costs energy or in
other words stressed state of membrane. When the packing parameter of the lipid greater than 1, the stress
accumulated in the resulting bilayer is too big; hence the transition of the lamellar into a nonlamellar (e.g.,
HII) phase is favourable lipids with negative spontaneous curvature promotes formation of these localized
non-bilayer structures.
non bilayer forming lipids (DOPE, DOG) (Van der Does (2000)). Flash photolysis exper-
iments to understand the Rhodopsin meta I-meta II transition by changing the amount of
DOPE, a non bilayer forming lipid, indicates that increase in DOPE content in the recon-
stituted system brings about this transition (Botelho et al. (2002a)). All these experiments
points to the fact that the composition of the lipids in a biological system is regulated so
that the membrane is close to, but below the lamellar - hexagonal II transition and thus
control many biological functions (Schwarz et al. (1997)).
1.3 Phase identification
The most commonly used technique to identify lipid mesophases is X-Ray diffrac-
tion technique. Other methods to understand phase changes include differential scanning
calorimetry which gives information about transition temperatures, NMR, electron mi-
croscopy and infra-red spectroscopy. Each of these techniques gives useful information
about the sample in question and has their advantages and disadvantages. Most com-
monly used techniques include NMR, X-Ray and calorimetry.
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Figure 1.5: Shapes of membrane for different values of Gaussian and principle curvatures: (a)
Flat sheet: in this case the principle curvatures namely C1, C2 are both zero leading to a mean curvature
of J = C1 + C2 as well as the Gaussian curvature K = C1C2 to be equal to be equal to zero. (b) here
C1 > 0 and C2 = 0 . (c) C1 > 0 and C2 < 0 (d) In this case C1 > 0 and C2 > 0 Zimmerberg and Kozlov
(2006)
NMR, as the name suggests reflects the dynamics of the excited nuclei and therefore
can be used to understand the transition from one mesophase to the other. The drawback
however is the fact that it is often difficult to interpret the data and hence makes it
difficult to identify the mesophases more accurately. Calorimetric technique gives useful
information about the transition temperature.
X-Ray diffraction however gives information about the long order as well as molec-
ular heterogeneities present in the sample. In this work we have used X-Ray diffraction
method for all the measurements in relation to phase identification and spontaneous cur-
vature measurements. The following section describes this method in detail.
1.3.1 X-Ray Diffraction
The general experimental set-up for X-Ray diffraction measurements is very simple. Highly
collimated X-Ray beams of desired wavelength falls onto the sample. If the sample has
a periodic arrangement, X-Rays undergo diffraction from various planes of the sample
resulting in scattered intensity at positions characteristic of the repeat distance of lattice
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planes in the sample. The scattering intensity carries useful information about the electron
density distribution of the unit cell. This is recorded onto a ccd detector and further
processed to extract electron density distribution and lattice information of the sample.
In this section we will glance through some of the concepts that are useful to extract
lattice parameters from the X-Ray diffraction image. The following paragraphs are more
of a glossary of terms that are useful to know while doing X-Ray measurements and by no
means thorough. There are excellent books written on X-Ray diffraction and principles
of crystallography which will be more useful to refer to get better understanding of these
concepts.
Figure 1.6: X-Ray Diffraction: Braggs law of x-ray diffraction. X-Rays of wavelength λ falls on
the lattice and gets refracted to produce a diffraction pattern.This is recorded onto a ccd detector. The
diffraction pattern gives information about the electron density profiles which can be used to analyse the
molecular arrangement in crystals.
In case of crystalline samples, the scattered intensity is in the form of sharp spots
indicating the presence of highly ordered lattices. In case of lipid membranes in water,
these sharp peaks are replaced by rings because of the presence of stacks of structures of
long range order in different directions. The electron density profile reflects the presence
of electron rich phosphorous atoms and relatively less dense acyl chain region.
Each of the phases discussed in the previous section has a characteristic intensity
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profile where the peaks appear at a characteristic ratio for a specific phase. By observing
the ratio of peak positions, the type of phase can be identified to a fair degree of accuracy.
Table.1.2 shows ratios of some of the most commonly observed phases in these systems.
Phase Ratio of peaks
Lamellar
√
1,
√
4,
√
9,
√
16,
√
25,
√
36
Inverse hexagonal
√
1,
√
3,
√
4,
√
7,
√
8,
√
12,
√
13
Cubic -Pn3m
√
2,
√
3,
√
4,
√
6,
√
8,
√
9
Cubic-Ia3d
√
6,
√
8,
√
14,
√
16,
√
20,
√
22,
√
24
Cubic-Im3m
√
2,
√
4,
√
6,
√
8,
√
10,
√
12
Cubic-Fd3m
√
3,
√
8,
√
11,
√
12,
√
16,
√
19
Cubic-Pm3m
√
2,
√
4,
√
5,
√
6,
√
8,
√
10
Table 1.2: Ratio of the peak positions for different lyotropic phases acquired by lipid water
system.
Once the lattice type has been identified, the crystallographic spacegroup to which
the phase belongs needs to be identified. A space group is a set of symmetry operations
that can be applied to grow the crystal lattice from the unit cell. For the 2D phases
(hexagonal for example) there are 17 possible plane groups. For 3D phases there are 230
possible space groups (Seddon and Templer (1995)).
The diffraction image is in a fourier space and represents the reciprocal lattice of
the crystal. A reciprocal lattice of a lattice is the lattice in which the Fourier transform
of the spatial wave function of the original lattice is represented. In order to obtain the
lattice constants, one need to convert the d-spacing obtained from the diffraction image
to the lattice constants in real space. This relation can be achieved by knowing the values
of Miller indices for each of the allowed reflections.
A lattice constant refers to the constant distance between unit cells in a crystal
lattice. Lattices in three dimensions generally have three lattice constants, referred to as
a, b, and c. However, in the special case of cubic crystal structures, all of the constants
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are equal and we only refer to a. Similarly, in hexagonal crystal structures, the a and b
constants are equal, and we only refer to the a and c constants.
Miller Indices are a symbolic vector representation for the orientation of an atomic
plane in a crystal lattice and are defined as the reciprocals of the fractional intercepts
which the plane makes with the crystallographic axes. They are represented by h, k, l.
The inter-planar spacing dhkl, between adjacent planes having miller indices (h k l) can
be written as:
dhkl =
1√
h2
a2
+ k
2
b2
+ l
2
c2
(1.2)
For a cubic system a = b = c and hence
dhkl =
a√
h2 + k2 + l2
(1.3)
and for hexagonal systems the expression is given by:
dhkl =
a√
4
3(h
2 + hk + l2) + l
2a2
c2
(1.4)
Electron density maps can be drawn once the allowed reflections contributing (set
of allowed h, k, l values) to a given order (ratio) of diffraction peak and the intensity
distribution of peaks are known. For many lyotropic phases this information can be
obtained from international table for crystallography.
In the characterization of lipid mesophases by diffraction, there are two regions of
the diffraction pattern that are used to identify the phase. The small angle region identifies
the symmetry and long range organization of the phase, whereas the wide angle region
gives information on the molecular packing, or short range organization of the phase.
28
Techniques to measure the elastic parameters Introduction
Thus X-Ray diffraction is a powerful tool to understand lipid phase behaviour and
transitions.
1.4 Techniques to measure the elastic parameters
In this section we will briefly discuss the concepts and methods to measure the
spontaneous curvature and bending rigidity of membranes. Three widely used techniques
namely Micropipette aspiration, Vesicle fluctuation analysis and Osmotic stressing tech-
nique to extract these parameters are described in detail. Of the techniques mentioned
here osmotic stressing technique is one the more commonly used to measure the effective
lateral pressure profile as a result of various intermolecular forces acting in a membrane.
1.4.1 Micropippette Aspiration
The development of this technique dates back to 1964, Rand (1964) when a number of
groups (Hochmuth et al. (1979); Evans (1973); Hochmuth et al. (1973)) were trying to
understand the mechanical properties, viscoelastic behaviour of the cells. Red blood cell
was used for most of the analysis. The cell was subjected to a known amount of suction
pressure. This leads to a deformation and increase in the tension. This is analogous to the
surface tension and hence the moment of the tension with respect to the curvature is equal
to the applied pressure. Calculating the pressure differences between the water inside the
aspirated cell and the water present outside and then equating it to the moment of the
tension yields the elastic parameters.These studies are extended to study the membrane
mechanical properties in vitro.
One of the major advantages of this technique is the capability of detecting weak
undulation forces originating from the thermal fluctuations of the bilayer. More rigorous
analysis of the technique was attempted by Henriksen (Henriksen et al. (2004)). Suction
pressures, from 0.1 pN/nm2 to almost atmospheric, and forces from about 10 pN to 104
nN could be reached with this technique. Edges can be tracked to an accuracy of 25 nm. It
can measure the elastic and viscous properties of very soft materials like red cells and white
29
Techniques to measure the elastic parameters Introduction
cells and those of stiffer, more viscous cells such as endothelial cells and chondrocytes.
However, there are drawbacks related to the evaporation of the water /solvent and
the accuracy of the initial settings of the various parts of the set up. At present only
continuum and usually, homogeneous models have been solved either exactly or by finite
element analysis. In future, more complex models with internal structure, multiple phases
and domains and complex boundary conditions are needed for the correct interpretation
of experiments with the micropipette.
1.4.2 Fluctuation Analysis
This method was developed in order to understand the role of membrane spontaneous
curvature on various cellular functions. While the bending of the monolayer or bilayer
is decided by the spontaneous curvature and the area difference due to the asymmetric
distribution of the lipid molecules. In this method, the effective mean shape of the bilayer
vesicles are observed using a video phase contrast microscopy and is compared to the the-
oretical predictions (Miao et al. (1994a)). The model is called the Area Difference Elastic
model and the free energy is described as:
HADE = κ
(
1
2
∫
(c1 + c2 − C0)2dA+ κ¯pi
2AD2
(∆A−∆A0)2
)
where A and D are the mean monolayer area and the thickness respectively. ∆A0=relaxed
area difference of the monolayers. The preferred curvature value is given by:
C¯0 = c0 + 2piα(∆a0 −∆a)
where a and a0 are the scaled values of the area term. c1, c2 and C0 are the principle
curvatures and spontaneous curvatures respectively. κ¯ is the new term called the non local
bending modulus.
The shapes of the vesicles are finally obtained by the one to one mapping of the
amplitudes into the shape parameters (v, c0: are the reduced volume and reduced spon-
taneous curvature values respectively) and from the minimization of the free energy ex-
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pression. This technique and the method includes initial approximations like the effect
of the surface on the vesicle shape is negligible and the importance of the gravity on the
vesicle behaviour. However, it is also said that the effect of the surface should not be
ignored. This analysis is used to understand the chemical reaction kinetics in response
to the morphological changes of the vesicle membrane. Two reactions were chosen. The
photochemical reaction of hexacyanoferrate and the enzymatic cleavage of the phospho-
tidylcholine with the phospholipase C. In the former case, it is found that the increase in
the pH as a result of the photochemical reaction causes an increase in the curvature of the
membrane. An increase in the spontaneous curvature value and a decrease in the thermal
fluctuations of the membrane was found in the latter case too (Hochmuth et al. (1973)).
Fluctuation analysis is also being used to understand the role of the sterols on the bending
rigidity of the vesicles.The paper describes the same along with the improvements related
to the role of gravity in the stability of the vesicle shape. With these improvements the
fluctuation analysis is also a good tool to understand the elastic behaviour of the bilayer
vesicles (Henriksen et al. (2004)).
1.4.3 Osmotic Stress
Osmotic stress is one of the techniques that is used to measure the forces between the
bilayers and between other macromolecules like the DNA. Generally a semi-permeable
membrane is used that doesn’t not allow the osmolyte to pass through but allows the
flow of water molecules through the semi-permeable membrane. Other version of applying
osmotic stress include the use of molecule like the PEG. At equilibrium the net repulsive
and the attractive forces in a bilayer system are equal and hence the bilayers are maximally
separated. Addition of another polymer (molecule) that is large enough not to interfere
with the lipid molecules, results in a competition between the lipids and the polymer for
the available water. This results in a change in the bilayer separation. When this system
reaches a new equilibrium, the chemical potential of water between the bilayer is equal
to the osmotic pressure of the osmolyte which is then measured for all the investigations.
The separation between the bilayers can be determined by X- Ray diffraction. This allows
one to calculate the equation of state of the bilayer system at equilibrium (Dopico (2007)).
With the assumption that the free energy could be separated into the inter bilayer
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repulsion and intra bilayer compressive forces, the change in the free energy with respect
to the force gives the value of the lateral pressure on the lipid molecule.
The evaluation of the elastic constants however is done by the following procedure
described by Rand et al. (1990). The key problem that we intend to address relates the
mechanical properties of non-bilayer lipids on protein function. Thus it would be appro-
priate to describe the method to calculate the elastic constants for an inverse hexagonal
phase( being the non-bilayer phase) of a lipid.
The equilibrium elastic parameters is generally defined for one of the two diving
surfaces in the monolayer. The neutral plane where the bending and compression are
independent of each other or the pivotal plane where the area remains constant upon
bending. The procedure followed by R.P.Rand is done for the pivotal plane. The measured
lattice can be divided into compartments each containing defined volume fraction of lipid
and water. The radius of water cylinder is related to the first order Bragg spacing for the
hexagonal lattice and the volume fraction of the water in the sample φw as:
Rw = dhex
√
2φw
pi
√
3
(1.5)
The area per lipid molecule at the Luzzati plane is given by:
Aw =
2φwVl
(1− φw)Rw (1.6)
The relation between Aw and the area per molecule at any cylindrical diving surface is
given by:
A2 = A2w + 2V
Aw
Rw
(1.7)
A plot of A2w vs
Aw
Rw
is then determined in order to ensure that there is a well defined
pivotal plane.The slope of the plot then gives the relative position of the pivotal plane in
terms of V. Using this value the value of the radius of the pivotal plane is calculated from
the relation:
Rp = Rw
√
1 +
1− φw
φw
Vp
Vl
(1.8)
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Knowing the radius of curvature at the pivotal plane the elastic free energy is approxi-
mated using the Helfrich free energy formulation as:
The energy per lipid molecule as calculated by (Gruner
(1989);Tate and Gruner (1987)):
gr =
K0
2
(
1
Rpp
− 1R0
)2
The osmotic pressure is then the rate of change of the free
energy with
respect to the change in the volume of water per lipid molecule
given by:
P = dgdVW
The total volume in the cylindrical surface is given by,
Vpp =
APPRpp
2
Vpp = Vw + Vph
Since the volume of the phospholipid is constant, from the above
equations we have :
R2ppP = κc
(
1
R0
− 1Rpp
)
Here Kc =
2K0
A , which allows one to understand the bending of the bilayer with the
assumption that the two monolayers are uncoupled during such a process. The slope of
the plot, PR2pp Vs
1
Rpp
gives the value of the bending modulus κc and the intercept gives
the value of R0.
Osmotic stress technique is useful in understanding the lamellar to hexagonal and
back to lamellar phase transitions also (Kozlov et al. (1994)). The procedure involved the
calculation of the free energies of the lamellar and the hexagonal phases and calculating the
chemical potential of the water molecule for each case. At equilibrium the applied osmotic
stress must be equal to the change in the chemical potential of water. The hexagonal and
the lamellar phases will co-exist when the chemical potentials of both water and lipids are
the same in both phases. The energy per lipid molecule is independent of the spontaneous
curvature and the temperature ( Siegel (1993)). Thus the plots of chemical potential as
a function of the applied osmotic stress at various curvature values are evaluated and
analysed to explain the phase transition.
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The determination of the curvature constants can also be done from the lateral pres-
sure profile. However such an approach is is yet to be completely defined and standardized
to use in laboratories on a routine basis. The effect of lateral pressure on the protein func-
tion has been theoretically estimated and analysed. The following section briefly describes
the procedure t extract lateral stress profile from osmotic stressing technique.
1.5 Intermolecular forces and Osmotic stress
1.5.1 Osmotic stress technique and lateral pressure profile
Cellular processes are a result of a number of interdependent interactions and subsequent
changes in the forces (Leckband (2000)). These interactions could be specific or non
specific occurring between the atoms, molecules or group of atoms and surfaces. These
forces can be described in terms of interaction potential and force function. Table 1.1
lists these forces.
Most of these forces are well understood and analysed separately. It is however
challenging to understand their coordinated activity that brings about biological process.
A knowledge of these fundamental physical forces would enable us to understand biological
events in greater detail. It is this motivation that lead to the development of techniques
to measure the intermolecular forces occurring in nature. We will briefly discuss the
application of osmotic stressing technique in exploring lateral pressure profiles resulting
from the various intermolecular forces.
The basic idea behind the development of this technique was initially to be able
to measure the non-specific interaction between lipid molecules. It is seen that only 6-
17% the amount of work done was utilized in deforming the shape of the bilayer while
the remaining work is mostly used in bringing the bilayer close to each other in order to
minimize the free energy. Furthermore the repulsive hydration forces increase very rapidly
as the two bilayers approach each other. This force of removing water acts as a barrier in
membrane fusion events.
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Some of the other observations of these initial experiments are that the chemical
potential of the water in the inter bilayer water decreases continuously as the bilayers
approach each other. The repulsive forces are similar in all the lipid system whereas the
Van der Waal’s forces varies with system. A comparison of the electrostatic and hydra-
tion forces was performed by Cowley et al and it was observed that the hydration forces
dominate at the separation forces below 25A˚. The electrostatic force increases with the
increase in the phospholipid concentration. The compressibility decreases with the bilayer
separation although there is a wide range of values of compressibility extracted experimen-
tally (Rand and Parsegian (1980)). The paper by McIntosh and Simon (1986) furnishes
a slightly different observation. The bilayers under osmotic stress between 0-50 atm are
nearly incompressible and the area per lipid molecule remains nearly constant (within 0-4
%). The hydration force was found to be decaying exponentially with separation between
the bilayers. It also describes the different decay lengths in a gel phase of dipalmitoylphos-
phatidylcholine and the liquid crystalline phase indicating that the decay length need not
necessarily describe the diameter of water molecule.
The removal of water can result in phase separation of the lipid aggregate. The
bilayers tend to form the hexagonal phase after removing a certain amount of water.
Small quantities of alkanes that generally stabilize the bilayer when added with increased
hydrocarbon chain length are capable of bringing about the lamellar - non lamellar phase
transitions (Kirk et al. (1984)). The experimental results are explained on the basis of
the theory developed by Gruner (1985) that describes the phase transition with respect to
the curvature energy of the system. Some of the observations based on the osmotic stress
data obtained by them are: area at the polar end is compressed more compared to the
area at the hydrocarbon chain end. As mentioned earlier, at the pivotal plane the area
does not change with respect to the changes in the curvature.
Hydration properties and phase transitions
The determination of complete phase diagram of one of the most common non lamellar
forming lipid, DOPE, is done by Gawrisch et al. (1992). The phase transitions of first
order with respect to the changes in the enthalpy and the water content is investigated.
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Osmotic stress technique is used to calculate the change in the free energy of hydration
with respect to the changes in the volume of water. The enthalpy of transition is obtained
from the DSC technique. The changes in the volume of water with applied osmotic stress
is calculated using NMR. The phase diagram is reconstructed with the help of the Clausius
Clapeyron equation by knowing the change in the enthalpy and the change in the volume
of water. It is observed that below 25 ◦ C the lipids form hexagonal phase at higher water
content and lamellar at intermediate water content. The aggregate re-enters the hexagonal
phase at lower water concentrations. It is also shown that in addition to the head group
the chain packing also plays an important role in deciding the phase of the aggregates at
equilibrium.The technique has also been used to understand the existence and the form
of the repulsive forces that exists between the bilayers of the membrane. The pressure
distance curves were obtained for different applied osmotic stress on the subgel phase of
DPPC and the resulting structure was then analysed with the small angle and wide angle
X-Ray techniques (McIntosh and Simon (1993)). When the pressure is increased, the inter
bilayer spacing decreased less than 1% percent of its value at fully hydrated form. Further
increase in the pressure caused a decrease in the separation up to 4A˚. Any increase in
the pressure value beyond this did not show any appreciable change in the inter bilayer
separation. Similar experiment on the liquid crystalline phase and the gel phase of DPPC
didn’t show such sharp changes. It was concluded that the repulsion observed in a distance
range of <5 A˚ is of steric origin whose value depends upon the head group properties of
the lipid.
The steric undulation pressure play an important role in the hydration properties
of the membrane and determining the range of these repulsive forces. Studies of the effect
of the temperature on repulsive forces were performed by simon et.al using the osmotic
stressing technique. The experimental data indicated that for the DBPS phospholipid in
gel phase, the pressure distance data were independent of the temperature where as for a
liquid crystalline phase the spacing increased up to 4A˚ while increasing the temperature
from 5- 50◦C. This was explained on the basis of the curvature theory where it was
proposed that the temperature changes causes a change in the curvature value of the lipid
moiety and hence the observation (Simon et al. (1995)).
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1.6 Lipid protein interaction
Membrane protein function is regulated by the molecular composition and the phys-
ical properties of the cellular membrane.These non-specific interactions that influence pro-
tein function are poorly understood. It has been established that membrane proteins are
the targets for 70 percent of the drugs. Hence the understanding of actual mechanism
and the role of these non specific interactions of membranes in protein function would be
of significant importance in the medical and the pharmaceutical field. The regulation of
a large number of membrane proteins is carried out by the lipid physical properties such
as the bilayer thickness and monolayer spontaneous curvature. The understanding of the
interplay between the structure of membrane and function of membrane proteins is ex-
panded further by taking into consideration a number of different parameters such as the
packing frustration, bilayer deformation, coupling, stiffness, free volume, lateral pressure
profile and bilayer fluidity.
A complete understanding of these processes would involve a thorough investigation
of the various interaction forces in a lipid bilayer system in the presence and absence
of proteins. The box below discusses the basic theory of deformation of the lipid bilayer
based on the changes in the membrane curvature there by influencing the protein function.
In practise it is difficult to know the contribution of the changes in lipid composition on
the elastic parameter and hence the protein function. A change in one composition may
alter various other physical properties of the bilayer and hence imposes a restriction on
the number of systems that could be studied and understood.
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There occurs a hydrophobic mismatch due to the presence of the proteins in a membrane.This is
minimized by the deformations(and hence changes in the curvature/elastic properties of the
lipids) in the lipid bilayer so that it could match the hydrophobic length of the protein.This
deformation largely depends of the composition and the elastic properties of the lipid.
A deformation in the lipid could be a result of bending, changes in the area, expansion or
compression etc.This is given by:
δGdef = δGcont + δGpacking
where,
δGcont is deformation elastic properties. Using continuum properties we have :
∆Gcont =
∫ (
1
2Ka
(
2u0
d0
2
)
+ 12Kc
(
c1+c2
2 − c0
)2 − 12KcC20 +KGC1C2 + γ∆AA ) 2pirdr
This considers the deformations in which the neutral layer is bent while the hydrophobic plane is
flat.
Hydrophobic coupling mechanism
The conformational changes in the protein is described by the hydrophobic principle where the
hydrophobic exposure is minimised.The total energetic cost of conformational change is given by:
∆Gprotein = ∆Gint + ∆Gdef
This provides a relationship between the protein conformational change with respect to the
bilayer elasticity.
for a membrane protein with two inter converting conformational states,regulation is described
by:(
nstate2
nstate1
)
= −∆GproteinRT = (∆Gint+∆Gdef )RT
This hydrophobic coupling mechanism demands the following conditions to be fulfilled:
• Protein function should involve conformational changes at the protein-bilayer interface.
• ∆Gdef should make a significant contribution to ∆Gprotein.
• Changes in bilayer molecular composition should significantly alter ∆Gdef .
1.6.1 Membrane mechanics and protein function
The effect of changes in the membrane stiffness on the channel function has been studied. It
is shown that the N-type calcium channel inactivation is shifted reversibly toward negative
potentials by synthetic detergents that decrease bilayer stiffness. The presence of choles-
terol shifts the channel inactivation towards positive potentials (Lundbaek(1996). The ac-
tivity of the Gramacidin channel in response to the presence of cholesterol/βOG/TX100,
that changes the bilayer stiffness were investigated using a patch clamp technique. It
was found that the cholesterol decreased the channel duration whereas the presence of
βOG,TX100 increased the channel duration. Further the whole cell voltage clamp tech-
nique used to study the effect of these detergents on the calcium channel activity revealed
that the activation was specific. Since it is known that there aren’t known specific receptors
to recruit these detergents by proteins, it was concluded that the presence of detergents
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altered the membrane physical properties which is likely to be responsible for the protein
function.
Similarly time resolved fluorescent spectroscopy studies of the presence of short chain
DMPC lipids on the folding kinetics of the Bacteriorhodopsin shows that the DMPC re-
duces the formation of the intermediates. Similar effects are observed when changing the
pH of the solvent. The article discusses a method for a lipid based refolding system and
points to the fact that an increase in the bending rigidity implies an increase in the net
lateral pressure in the lipid hydrocarbon chain region, that enhances the stability of the
final folded state. The refolding yield obtained on a lipid based system of DMPC was
found to of the same order of the traditional detergent (CHAPS) based system (Booth
et al. (1997)). Differential scanning calorimetric studies on the activation of cytochrome
P4550SCC(CYP11A1) by the lipids DMPC/cardiolipin, DMPC/branched PC showed that
the activation was increased with an increase in the non bilayer composition and the chain
length of the branched and main fatty acyl chains of the activator lipid. Unsaturation in
the DOPC added to the system increases the activation of the enzyme by the DMPC sys-
tem. It was suggested that the addition of the non bilayer lipids changes the hydrophobic
volume there by leading to the activation of the protein. This clearly suggested that the
changes in the membrane physical properties changes the enzyme function.
To summarize, from the above examples and experiments it is evident that lipid
bilayers are not merely passive entities providing a structural matrix but instead are ac-
tively involved in biological events. Understanding of the underlying biophysical principles
of lipid self assembly helps in exploring cellular processes in greater detail. In particular
mechanistic view of membranes and correlation of membrane elastic parameters to func-
tion is emerging as a powerful tool to get a step closer to understanding these biological
events.
This thesis therefore focusses on developing techniques to measure the elastic param-
eters that describe the energetics of a lipid membrane and application of these platform
technologies to explore the effect of non lamellar forming lipids in cell function.
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1.7 Outline of the thesis and motivation
In the work presented here we discuss some of the techniques developed to extract
membrane elastic parameters and to understand phase behaviour of lipids. The first
chapter discusses a X-Ray beam-line developed to collect diffraction data. The beam line
uses Kirkpatrick Baez mirrors to focus the X-Ray beam onto a tiny focal spot. Details of
the design, construction and performance of the beam-line is discussed. Methods to align
the mirror and to find the optimal position of the mirror so that the focussed beam has
high flux for diffraction measurement is discussed. Labview based beam profile analysis
tools developed as a part of alignment procedure are described.
The goal of building a beam - line is to provide a platform for the development of
sample holders that can hold as many samples as possible at a given instant with the
flexibility of changing the sample environment specific to the sample in question. A high
throughput sample chamber design to cater to these requirement is built. The key merits
of the system are its capability of holding many samples in one given instant and a fully
automated data acquisition routine that requires minimal interaction of the user with the
beam-line. With the shear variety of lipids found in nature, sample chambers like this will
help in mining data for a large variety of lipid compositions as opposed to their one sample
counterparts. Details of the design of the sample chamber, automation requirements and
its performance are discussed in the second chapter.
The third chapter discusses one of the elastic parameters in describing membrane
mechanics namely the spontaneous curvature. The method used to calculate spontaneous
curvature of lipid membrane using X-Ray diffraction measurements is outlined. This com-
pliments the second chapter in that it gives a potential application of the high throughput
sample chamber developed as described. Further the method differs from the traditional
method of osmotic stressing to extract these values. A method devised in the lab in the
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past where in fixing the pivotal planes position and calculating the spontaneous curvature
is employed. Measurements are done on DOPE:DOPC systems where the concentration
of DOPE is high. The idea is to understand the role of non-bilayer lipids on membrane
protein function. The results show that it is possible to use the idea of fixing the piv-
otal plane can be used for this particular lipid system. Details on how the spontaneous
curvature varies with the changes in the composition of the lipid mixtures is presented.
The next chapter mainly focusses on the pressure effects on the DOPE:DOPC lipid
system with higher DOPE content. The experiments were performed at the synchrotron
source. The results show that lipid mixtures with higher DOPE content are more sensitive
to the changes in the pressure. The lattice spacing for these mixtures doesn’t change
appreciably with increase in pressure. These results indicate that the membrane with
higher PE lipid are more rigid as opposed to the mixtures which has less PE lipid content.
The second parameter that we have focussed on is the calculation of bending rigidity
. We have developed vesicle fluctuation analysis routine to measure the bending rigidity
of Giant uni-lamellar vesicles. Fluctuation analysis is a non- invasive technique to extract
these elastic parameters of a vesicle. The main advantage of this technique is that one
can measure the bending rigidity of a single bilayer rather than stacks of them. The
later is the case when one extracts these values using X-Ray diffraction technique. The
technique developed was tested on simple PC GUVs and DOPE:DOPC (80:20) GUVs at
room temperature. The results show that GUVS with higher concentration of PE are more
rigid as opposed to pure DOPC GUVS. This is consistent with the predictions that can be
made on the basis of the shape parameter of the lipid molecules. This technique is also fully
automated and user friendly there by making data mining more efficient and convenient. It
is worth mentioning that development of these techniques on a single platform of Labview
gives opportunity to integrate the experiments seamlessly and increasing the possibility of
performing a variety of measurements simultaneously.
Finally the effect of pressure on the bending rigidity of GUVs are explored. To
our knowledge this is the first time a GUV under pressure is investigated in detail and
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the results are consistent with the theoretical predictions . Increase in pressure causes
the membrane to become more rigid. Whether the effect of pressure and temperature
are congruent is still work in progress. These techniques are being extended now onto
proteins. Effect of change in lipid composition on the protein activity is studied with an
emphasis on the changes in elastic free energy of the system. The latter can be evaluated
by measuring spontaneous curvature, bending elasticity using the techniques developed in
this thesis.
The work is concluded with a description of ideas and possibilities of developing
high throughput osmotic stressing technique. In relation to that the developments made
to the measure the amount of displaced water after stressing the sample is presented.
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This chapter discusses the design aspects of a Franks optics based X-Ray beam-line constructed for
lipid phase behaviour studies. Methods used to characterize the mirrors and the beam spot size is
presented. Finally user interfaces developed in Labview to analyse the data is presented.
2.1 Overview
X-Ray diffraction is one of the most widely used techniques to understand self-
assembly and liquid crystalline properties of lipid-water systems. The discovery of X-Rays
was an accident as the search was on for the fourth state of matter : the radiant state.
Towards this Sir William Crookes’ contribution is noteworthy. To quote from the New
York Times 1896 edition :
‘ The experiments made by Prof. William Crookes with discharges of high
potential electricity in glass tubes of high vacuum have become classical and
mark the beginning of an epoch which has been so brilliantly crowned by
Rontgens discovery.‘
Today the fourth state of matter is well studied as plasma, the discussion of which
will be a complete detour from what this chapter aims at.
One of the major breakthroughs in the development of X-Ray diffraction techniques
that we know today is to bend X-Rays using mirrors. Not only did that prove the wave
nature of X-Rays , it gave insights into the classical dispersion theory and its accuracy
in determining various optical properties of X-Rays . This also helped supporting the
Lorentz-Drude model known at that time. One of the early attempts made by Sternstom’s
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(a) Total External Reflection (b) KB Mirror Arrangement
Figure 2.1: K-B Mirror Arrangement
experiments revealed that the refractive index of the crystal substance used to reflect X-
Rays was less than unity (Compton.A.H (1927)). Sir A. H. Compton’s experiment proved
that X-Rays get completely reflected if they fall at glancing angles. The angles found from
experiments agreed remarkably well with the one predicted by the classical dispersion
theory treatment of X-Rays . This also suggested that the refractive index of X-Rays
different by less than a part in million from unity. Twenty years later Ehrenberg turned
his interest in this field to the applicability of these principles that were being tested at
that time. He suggested that if the rays can be reflected, they can be focussed (Ehrenberg
(1947)). A focussed beam is only going to be more intense thus making it suitable for
carrying out diffraction measurements. The problem however was the fact that X-Rays
can be reflected only at glancing angles. This would mean that only a portion of the
hypothetical ellipse with X-Ray source as one of the foci can be really used to focus on to
the other focus. He suggested the use of a rectangular surface that is bent so as to form
a portion of ellipse for reflecting. The aberrations calculated for such a set up including
the differences in the theoretical absolute positions were so low that it was ok to assume
it to be aberration free. This is the basis of many optical systems that were to come to
be used for focussing X-Rays .
The focussing optics we used for the X-Ray beam-line was based on the Kirkpartick
Baez Mirror pair. Kirkpatrick-Baez consisits of two mirrors arranged perpendicular to
each other. To achive a common focal point, both mirrors have to be bent elliptically in
such a way that the horizontal focus line of the first mirror and the vertical focus line of
the second mirror are on the same plane.One can attain a focal spot of upto 50nm using
this optics. The challenges in the setup arises in trying to bend the mirrors so they form
a part of the ellipse (Fig.2.2).
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The novelty that this thesis brings to these well established and almost mundane
techniques used in spectroscopy today is the fully automated capability of scanning 103
samples in 8 different temperature set ups with user defined temperature ramps for each of
the eight sets as opposed to the traditional one sample at one temperature ramp at a time
scenario. This could be a very useful tool as one can simultaneously look at various kinds
of lipids and lipid mixtures and perform measurements that could throw some light on
this complex yet (organised) way of regulating various events occurring at the membrane
surface in a cell.
Figure 2.2: Kirkpatrick-Baez mirror pair: Two mirrors are placed in horizontal and
vertical planes and are bent using one of the various bending mechanisms such that they
form a part of a hypothetical elipse. The X-Rays from the source can be either reflected
from one of the mirrors or both. Only the rays that get reflected from both mirrors are
used for diffraction measurements.
These preliminary experiments and findings are fundamental to the X-Ray spec-
troscopy techniques even today. Apart from mirror arrangement to focus beams, various
other methods has been developed and is being used widely by many beamlines around
the world. We will have a look at how is this achieved in practice and discuss some of the
important optical properties that were considered during the development of the beam-line
in the following sessions.
2.2 A high throughput X-Ray Diffraction Beamline
2.2.1 Beamline layout Overview
The general layout of the beamline is shown in Fig 2.3. It has three standard
components: the X-Ray source followed by the optical unit and the sample chamber
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and finally the detector. Each of these components are described in the coming sections
followed by a discussion on the design considerations that were taken to build the beamline.
Figure 2.3: Beam-line layout
Fig 2.3 describes the overall set-up. X-Rays are generated by a rotating copper
anode X-Ray generator (FR591, Brucker AXS, Coventry, UK) with a fine focus of 0.1 x
1mm running at 30KV and 20mA. X-Rays leave the generators head with a take-off angle of
6◦, giving the source an apparent size of 0.1 x 0.1 mm, before travelling through a 0.25mm
thick beryllium window sealing the vacuum inside the head, followed by an additional
nickel filter which function is to attenuate any CuKβ radiation. The X-Ray beam reaches
the optics unit containing two curved mirrors, one vertical and one horizontal, after going
through defining guard slits and a flight tube. The mirrors are placed at the centre of
the axis between the source and the detector. The sample is at the centre of the optics
unit and the detector. The reasons for such a choice and the engineering aspects of these
components will be discussed shortly. A second pair of defining guard slits is positioned
after the optics unit so that only the doubly reflected x-ray beam enters the sample
chamber. The sample chamber itself is mounted on two translation stages and a rotation
stage.
The first translation stage allows the chamber to be translated sideways (z axis) so
that the axis of rotation of the carousel can be positioned to intersects the X-Ray beam.
The second translation stage enables the height of the chamber to be adjusted (y axis) so
that the sample goes through the X-Ray beam. We will come to the sample chamber in
the next chapter where it will be described in detail. The main X-Ray beam and diffracted
X-Rays exit the sample chamber to enter a second flight tube before being recorded on
a CCD camera. The main beam is stopped before it reaches the CCD camera using a
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beam-stop allowing only the diffracted x-rays to be recorded. A 2mm diameter disc of
lead is used as a beam-stop. The beam-stop is glued to a kapton film attached to a circular
frame that is positioned just in front of the camera. The beam-stop frame is mounted on
the camera mount with two small translation stages (Newport, Didcot, UK) enabling the
beam-stop to be adjusted in the y-z plane. The second flight tube, the camera with its
mount and the beam-stop are all positioned on a rail (Thorlabs, Cambridgeshire, UK)
allowing all three units to be aligned at the same time. The rail has 4 adjustable feet
allowing the pitch and roll of the rail to be adjusted so that the rail runs parallel with the
main beam allowing the main beam to reach the plane of the detector perpendicularly.
Connection of all the different units up to the sample chamber is done using a system of
short overlapping tubes that act as labyrinths preventing any radiation leakage. After the
sample chamber the remaining units are placed in order and additional shield plates are
used in front of the detector to stop any X-Rays not collected by the detector. Interlocks
are placed between the units triggering the closure of the generators shutter should a gap
appear between those units. An additional interlock is placed on the lid of the sample
chamber to insure the safety of the user when loading or unloading the chamber. All units
are designed to hold a vacuum down to pressures of 100mbar using sheet mylar windows
pressed against o-ring.
Figure 2.4: Beam-line layout top view
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2.3 X-Ray Generator
X-Rays are generated using a high flux rotating anode generator(Bruker-Nonius
FR591, 30kV, 40mA) at a take off angle of 6◦ making the source size of 1 x 1mm.The hot
filament in the cathode cup emits electrons that are accelerated by the high voltage. The
bias voltage together with the shape of the focus cup focuses the electron beam in a small
focal spot on the anode. The impact of the electrons on the anode generates X-rays of
an energy/wave length of 8 keV / 1.55A˚ for the copper anode. Only a very small portion
of the energy of the electrons is converted to X-rays, the rest of the energy is converted
to heat. The rotation of the anode spreads the heat over a large area. This makes it
possible to use higher loads than on tubes with stationary anodes. The anode rotates in
vacuum and is internally cooled with water. A magnetic fluid seal around the anode shaft
maintains the vacuum while rotating. Continuous pumping by a turbo molecular pump
backed by a pre-vacuum pump maintains the high vacuum.1.
2.4 Optics
As discussed in the previous chapter, the structural details about the lipid self as-
sembly can provide a wealth of information about the thermodynamics and the energetics
of the system. It is thus useful to develop a detection system that is capable of providing
details of structural organisation at a greater resolution. There is definitely an upper limit
that could be best resolved with the available techniques however within that realm the
resolution that one would like to achieve is entirely upto the kind of study one is interested
in doing. These are light scattering, X-Ray scattering and neutron scattering techniques.
Since most of our interest pertains to lipids, surfactants which have a long range order,
X-Ray technique is used and developed.
X-Rays can give three dimensional structural information of the material. The
images obtained can be improved by using X-Rays that are focussed to a tight focal spot.
Not only such a probe helps acquiring almost background noise free images, it also opens
up the possibilities of manipulating it as a probe thereby allowing one to change the spacial
resolution required for phase behaviour studies.
1http://www.nonius.nl/fr591/manuals/technical/userman.html
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There are a number of different ways one can build a set up to reflect X-Rays . With
the advent of technology it is now possible to get a better surface to reflect X-Rays thereby
making higher resolution possible. These techniques are broadly based on four different
optical principles namely: Reflection, the type of focussing set up includes: Schwarzschild
optics, Montel optics, KB mirror, Wolter optics, multi-capillary and poly-capillary optics
and so on. 2.Refraction, which is the principle predominantly used by compound refractive
lenses. 3.Diffraction that includes Fresnel zone plates photo sieve monochromators and
Absorption which includes filters windows pinholes etc. Most of the optical systems are
generally always accompanied by the pin holes to collimate the beam. These different ways
of focussing X-Rays has their advantages and disadvantages. The choice of KB mirror for
the current set up was because of the fact that they are relatively easier to handle. They
also have a good spatial resolution at longer distances.This feature is quite important to
consider because the beam line is 268m long because of the sample chamber.
The study and analysis of the properties of X-Rays are quite interesting in itself
and there has been interesting and remarkable break through in the past century on this
subject. This however is a brief overview of some of the concepts that pertain to the
current optical set up used to reflect X-Rays .
Although X-Rays are electromagnetic radiations and obey the laws of reflection,
refraction etc. the reflection of X-Rays from a surface is however not straightforward.This
is because the refractive index of X-Rays is less than unity. The complex refractive index
in the X-Ray regime is given by:Compton.A.H (1923)
n = 1− δ + iβ (2.1)
where, δ and β are the dispersion and absorption respectively.
From the classical dispersion theory assuming that there is no absorption i.e. β = 02,
the value of δ can be given as:
δ =
r0λ
2
2pi
.ne (2.2)
2This is an assumption that is used to give a rough estimate of the properties and nature of the reflected
radiation. In reality however, the reflectivity of the material in use is considered in order to optimise the
flux at the focus.The details of the same are discussed in the following section.
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where r0 is the Bohr radius of an atom, ne is the electron density.
Using Snells law of refraction in conjunction with the above equations and rearrang-
ing one can see that the critical wavelength of X-Ray that can be reflected from a surface
specularly is given by:
λc =
(
cθc
e
)(
pim
ne
) 1
2
3 (2.3)
where θc is the critical angle which is the angle between the surface of the material
and the direction of incident photon, m is the mass of the electron, c the velocity of
light respectively. This means that if the angle of incidence of the rays are less than the
critical angle, they will be specularly reflected. From the expression, this angle depends
on the properties of the material. Higher atomic number materials reflect higher energy
radiation for a fixed grazing incidence θ. Thus the critical angle decreases as the energy of
the incoming radiation increases.The value of this critical angle is nevertheless very small
(of the order of few minutes of a degree for ex). Further in order to reflect X-Rays at
such oblique incidences, the portion of ellipsoid is more suited as opposed to aspherical
geometry for eg.
These inferences in turn implies that only few X-Rays can be reflected from a re-
flecting surface. Furthermore since the angle of incidence is quite oblique, such a reflection
will not be aberration free. In fact, for such a small amount of X-Rays falling on a curved
surface at such oblique incidences are found to be focussed into a line in two different
planes namely saggittal and meridian planes. When the plane of the reflecting surface is
coincides with the plane of incidences, the rays are called meridian rays and the plane is
called the meridian plane. Similarly if the reflection takes places such that the plane of
reflection is perpendicular to the plane of incidence, the rays are called saggital rays and
the plane is therefore called a saggittal plane. The focal length in each of the cases is given
by:
fm =
R sin i
2
(2.4a)
fs =
R
2 sin θ
(2.4b)
3all the terms are in c.g.s units
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These focal lengths only imply that there is a huge difference between the focussing of
the saggital rays and the meridian rays. The former being very weak. These differences in
the nature of their focussing also means that there is a strong astigmatism. If one chooses
to use reflected rays from only one plane, one can only get one dimensional images. In order
to obtain a two dimensional image from a aberration free optical source, it is therefore
desirable to use two mirrors that are crossed. Two mirrors are said to be crossed when
the meridional rays from one mirror becomes saggittal rays for the other. In other words
such a situation is possible when the two reflecting surfaces are placed perpendicular to
each other.
The second issue that arises is the distance between the two mirrors that needs to be
kept in order to get an image of unit magnification. From geometric optics considerations
one finds that the distance between the two mirrors should ideally be zero in order to
get such an image. In other words, it suffices if the distance between them is very small
compared to the image and object distances from the centre of the mirror system. This is
the arrangement that is adopted for the current set up of the beamline.
2.4.1 Choice of Mirror
Since the reflection of X-Rays occur at oblique incidences and there are huge spherical
aberrations that prop up, it is essential to consider the choice of the material to be used
as a reflector. From the expression two things follow straight away: the material should
be such that the critical angle of reflection is as high as possible.This is because the higher
the glancing angle, the better is the image. It is also important that the material should
be highly reflective to X-Rays .
Applying Fresnels law of reflection to X-Rays ,the reflectivity is given by :
R(θ) =
∣∣∣θ−√θ2 − θ2c − 2iβ
θ +
√
θ2 − θ2c − 2iβ
∣∣∣2 (2.5)
where,θ = Angle of Incidence
θc = Critical Angle
θc = 2δ = α+ iβ, The absorption term for X-Rays is usually complex .
From the expression, If the reflectivity is plotted against the angle of incidence,three re-
gions can be observed: θ < θc, which corresponds to a plateau.
θ = θc, when there is a steep decrease in the reflectivity and
51
Optics X-Ray Beamline
θ > θc, when the reflectivity falls as
1
θ4
Thus, the reflectivity of a substance for X-Ray depends on the absorption β as well
as the transmitted intensity. From the expression 2.2 and the above discussion it follows
that metals with higher density are ideal to reflect X-Rays . The heavier metals however
are difficult to cut and polish. One way to get around it is by using a silica substrate
and coat it with the desired metal. This can be done using various methods. Because the
angles are really oblique, the surface roughness of such mirrors becomes important and is
taken into account while making the mirror. There has been a fair amount of analysis and
work done on this area. The rigorous treatment of these factors is beyond the scope of
this thesis and hence only the terms that are useful to understand the factors that should
be taken into account while choosing a mirror is presented.
To summarise, the surface roughness decreases the intensity of the reflected intensity.
The interface between the substrate and the reflecting surface causes interference of the
rays reflected from the substrate and the rays that are reflected from the substrate.This
produces oscillations in the reflection curve. Further surface roughness of the substrate
causes damping of these oscillations otherwise called kessing oscillations.
Keeping these parameters in mind the mirror chosen for the MiMi beamline is a
single layer nickel coated silica. This choice was made after looking at the reflectivity
curves of different materials with an angle of incidence in the range of 0 − 1◦. Fig 2.5
shows these observations. From the graphs, Nickel has a reflectivity of about 1 at 2’
whereas the other materials show a continuous drop in the value as the angle is changed.
The Mirrors have the dimension of 100, 15 and 3mm. The surface roughness of these
mirrors are found to be 4.11A˚.
2.4.2 Mirror Bending Mechanism and Construction of Mirror Housing
Unit
The mechanical model for the bending of the mirror is shown in Fig.2.6. Although this
bending method changes the curvature of the mirror along its length, the profile of the
deflected mirror matches closely that of the ellipse to within 18A˚. Broadening of the
focus as a consequence of this small deviation has been calculated to be no more than
120µm along the y-axis and 90µm along the z-axis. This is in accordance with the beam
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Figure 2.5: Reflectivity curves for some of the material considered for the mirrors
profile recorded; see Fig.2.7. The advantages of using this bending method is three-fold:
firstly the mirror is bent along its axis off rotation which precludes the need for corrective
positioning after bending; secondly finer adjustment of the bending if possible as the
mechanical adjustment is equal to the deflection of the mirror; thirdly the stresses applied
to the mirror are minimised. The maximum deflection for each mirror is 14µm and the
required rotation of each mirror relatively to the major axis of the ellipse is 2.4.
Force
x/2 x/2
(a) (b)
Source
Rotating 
mechanism
Fixed outer
 casing
Focal plane
Bending 
mechanism
Window
Mirror
Main 
beam
Reflected 
beam
Guard slit 
mechanism.
Figure 2.6: Bending mechanism used to bend mirrors to focus X-Rays
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Figure 2.7: Intensity profiles of the beam reflected from horizontal (c) and subsequently
from the next vertical (d) mirror.
2.4.3 Resolution
From Braggs law, one finds that diffraction occurring at higher angle corresponds to smaller
d-spacings. In other words, if one can capture diffraction pattern at higher angles, one
can understand smaller structures. The detectors come with a fixed area and hence in
order to capture diffraction at higher angles, one need to bring the detector closer to
the sample. Such a mode is called a Wide Angle Scattering set up. This is useful to
understand nanometre scale molecular organisation. Similarly, at smaller scattering angles
higher d-spacings can be resolved. This is achieved by moving the camera away from the
sample.The quality of image in this case will depend on beam profile characteristics such
as beam divergence and flux at longer distances. This set up is called small angle X-Ray
scattering set up.
With this beamline we intended to be able to observe a range of structures from as
small as 4 A˚ to as big as 470A˚.The details of how these ranges has been set is presented
in the grey box in Fig.2.9. Three flight tubes of different lengths were designed and
constructed for the same purpose. These can be sandwiched between the sample chamber
and the detector in order to ensure that X-Rays are not exposed and to be able to create a
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Figure 2.8: Camera offset: Camera offset positions that can be achieved to capture diffraction at larger
angles.
resistance (air for ex) free path for the X-Rays to pass through. This is facilitated by the
provision of connectors on the flight tube that can be used to connect to a vacuum pump
to evacuate the chamber. The modular design of these flight tubes gives an advantage of
using them in combination thereby giving the user a choice to be able to look at structures
within a certain range.
The maximum distance and hence the largest d-spacing that can be recorded cor-
responds to the distance between the detector and the sample chamber. From Fig 2.3,
this corresponds to 268mm. The corresponding d-spacing that can be recorded is 4.5-
112A˚. Here it is relevant to mention that the other possibility of increasing this range is
by offsetting the camera. This is give access to higher angle diffraction. In lieu of these
considerations, the camera itself is mounted on a plate with taps at different positions
allowing user to position and offset the camera .
The flight tubes, the camera all are held by posts. They are mounted on a railing on
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which these can be positioned and moved along the direction of the incident rays.There are
three lateral positions to which camera can be moved that can help recording higher angle
diffraction.These are centred, when the camera is place on the axis of the beamline such
that the centre of the CCD area is co incident with the axis of the beamline.The second
set up is the half offset position which corresponds to the arrangement when the camera
is offset from the axis of the beamline in such a way that the end of the detection area is
on the axis. The third set up which is the full offset position corresponds to the position
of the camera in such away that the detector area is half the length of the detector area
away from the axis of the beamline. Fig 2.10 shows the details of the range of d-spacings
that can be recorded at various configurations.
(a)
Flight tube for WAX scattering:
Sample to detector distance is 73mm.
Following the discussion in box :
the d-spacings that can be recorded are:
Centered Detector position:4.5-112A˚
Hlaf Offset:2.5-112A˚
(b)
Medium flight tube for intermediate
D-Spacings
Sample to detectore distance is 109mm.
The D-Spacings that can be recorded are:
Centered Dectetor position:6.5-168A˚
Half Offset position:3.5-168A˚
Full Offset position:2.5-168A˚
(c)
Flight tube for SAX scattering:
Sample to detector distance is 268mm.
The D-Spacings thatc an be recorded are:
Centered Dectetor position:15.7-413A˚
Half Offset position:7.9-413A˚
Full Offset position:5.4-413A˚
Figure 2.9: Different configurations of flight tubes for various resolution.The tap in fig(c) is
a provision to connect the tubes to the vacuum pump.
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2.4.4 Mirror Alignment and Software Developement
Figure 2.10: Resolution Summary of Resolution that can be obtained for various set flight tubes
The optics unit consists of two identical mirror housings arranged at right angle
to each other on a platform of which height and lateral position (z and y axis) can be
adjusted. Each mirror-housing is mounted on a rotation stage enabling each mirror to be
rotated inside its own housing. Two external adjustment screws allow for the mirror to
be bent and for an internal guard slit to be adjusted at the centre of the housing, see Fig
2.12.
Both adjustments are very fine with a resolution of 87µm/rev for the bending of the
mirror and 170µm/rev for the guard slit. The internal guard slit enables isolation of the
reflected beam from the main beam by cutting off the majority of the latter. A set of guard
slits after the optics unit enables only the doubly reflected beam to be transmitted to the
sample.The length of the beamline is the distance between the X-Ray generator and the
detector. This is the distance between the two foci of the ellipse as discussed in Section
2 of this chapter. In order to find that surface of the ellipse that corresponds to the above
mentioned dimensions experimentally, the intensity profiles has been considered. Before
getting into the details it is important to describe the images one gets after reflection from
the mirrors.
X-Rays from the generator falls on the vertical mirror first. Only a part of the
incoming rays fall on the mirror at an angle less than the critical angle.These rays gets
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reflected whereas most of the rays that didn’t satisfy this criteria goes un-deflected. If
this was to be imaged on a CCD detector, one will find two rays: singly reflected ray from
the vertical mirror and the main beam that went un-deflected. This pair of rays then fall
onto the next mirror placed horizontally to the incoming radiation. The two bunch of rays
follows the same principle and a CCD detector placed at the end of the second mirror
will image four spots. They are: singly reflected from the vertical mirror, singly reflected
from the horizontal mirror, the main beam and finally the doubly reflected from both the
mirrors. It is the doubly reflected beam that is highly intense and hence used as a probe
for diffraction measurements Fig.2.7.
Figure 2.11: Image of the Reflected Beam from the two Mirrors
The positions of the mirrors are optimised for the maximum intensity of the doubly
reflected beam. Since the vertical distance which corresponds to the minors axis is only
3.3mm long, it suffices to measure the intensity at various positions within this limit.
Further for each horizontal or vertical positions, the mirrors are also rotated at about 10
min steps. Finally the position at the which the reflected beam is well separated from
the main beam while keeping the intensity as high as possible is the chosen position.
This principle is used to fix the position of the mirrors in the beamline. The intensity is
measured at every 0.5mm steps along x for the vertical mirror and y for the horizontal
mirror. These respective movements are facilitated by the use of translation stage as
mentioned.
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Figure 2.12: Mirror housing unit:Two housing units that hold both horizontal and vertical mirrors
that reflect X-Rays at saggital and meridonal planes.
Intensity Measurements
In order to analyse the intensity measurements and decide the optimal position, a software
is developed that integrates the total intensity under a user specified area of interest and
fits the profile to a Gaussian. The FWHM, Peak intensity and the total intensity under
the curve is extracted from the fit. The integration is a Line integration of the image in the
ROI Fig 2.13. Intensities of all the pixels in a column are added and averaged to represent
the total intensity per column. This can be done in a two dimensional way in that one
can also add up all the intensity in a row and the average can be represented as the total
average intensity/row. This is useful to analyse the reflected intensities from both the
horizontal and vertical mirrors which produce images in x and y directions respectively.
2.4.5 Characterisation and performance
The alignment of the mirrors is done by measuring the total intensity under a constant
area at every position at various angles. At a given position, as one rotates the mirror,
the beam reflected from the mirror moves further away from the main beam.The beam
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Figure 2.13: Front Panel of line integration routine.
also gets more intense as it moves.This is because the at every rotation more number of
X-Rays that satisfy the critical angle criteria fall on the mirror. The intensity however
falls down (data not shown) after a while because the mirror is rotated a lot more than the
optimal position at a particular y step for the vertical mirror and x step for the Horizontal
mirror.The fact that the reflected beam is well separated from the main beam should also
be taken into account.This ensures that the beam is thus doubly reflected and doesnt
have the un-reflected beam that may lead to high parasitic scattering thereby reducing
the resolution of the image at the detector screen.
Figure 2.14: Vertical mirror intensity profiles Intensity profile of the X-Ray beam reflected from
the vertical mirror placed at three different positions. At each position the mirror is rotated and recorded
beam is integrated to choose the best position of the mirrors. The positions at which the intensity was
maximum and didnt change appreciably while being rotated is chosen as the position of the mirror.
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Fig2.14 Depicts some of the intensity profiles obtained for a Vertical mirror following
the above mentioned procedure. The positions are only arbitrary and corresponds to the
position on the micrometer. However the lowest of the position 14.5 Fig 2.14(a) is the
farthest position from the centre of the ellipse at which the intensity has been measured.
From the figure one observes that the total intensity for the position corresponding to
15mm 2.14(b) is optimal. The intensity at this position is high even at points that are
farthest from the main beam. On the other hand at other position the intensity is not
constant or as high as the 15 mm case. The position thus chosen to fix the vertical mirror
was 15mm. Exactly the same procedure is followed for the horizontal mirror. This time
it was the doubly reflected beam that was analysed. The integration protocol involved
the averaging across the row. Fig2.15 shows the series of intensity profiles obtained for
horizontal mirror. Following a similar argument made for the vertical mirror, the optimal
position for the horizontal mirror is the position at which the total intensity is maximum
Fig.2.15(b).
Figure 2.15: Horizontal mirror intensitiesIntensities of the double reflected X-Ray beam recorded
as a function of rotation at three different mirror positions. The mirror was fixed at the position at which
the intensity didnt change while rotation.
Once the positions of the mirrors were fixed, it was then required to bend the mirrors
so that they can sit on the ellipse.This would also ensure a focussed much sharper beam.To
do this, all the three images were obscured with the help of guard slits first.The intensity
profile so obtained is then fit to a Gaussian and the FWHM is monitored each time the
mirrors are bent.The position for which the FWHM was minimum as well as the total peak
intensity was maximum was considered as the final position.The profiles were obtained for
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both vertical and horizontal mirrors using the horizontal and vertical line integrations
protocols. Care was taken to ensure that the mirrors are not over bent that might break
them.The final dimensions of the beam was thus:405µm X 585µm.
2.5 Summary
An X-Ray beamline comprising of Kirkpatrick-Baez mirror pair is designed and con-
structed. Mirror alignment and focal spot size determination is done using line integration
routine developed in Labview. It is shown that the beamline can be used to capture both
small angle and wide angle information of a sample. In the next chapter design of a
multi-capillary sample chamber for high-throughput measurements is described. Together
with X-Ray beamline it can be used to scan 108 samples with eight different temperature
control modules. Sample of silver behenate is tested and it is seen that exposure times of
upto 5 minutes is required to get an image with resolvable peaks for the sample.
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This chapter discusses the design aspects of a high-throughput sample chamber constructed
to study lyotropic systems and their phase behaviour. One of the major issues related
to the design was to align the sample chamber to the incoming X-Rays such that every
capillary position is exposed to X-Rays when chosen by the user. The diffraction pattern
collected by the detector should be free of interference from the neighbouring samples. The
second part of the chapter discusses methods and hardware developed to align the sample
chamber. Finally a software developed in Labview to analyse the data is presented.
3.1 Development of a high throughput Sample Chamber
3.1.1 Overview
With the development of various bio-physical techniques, our understanding about
cellular components is getting better. Study of lipid systems, their self assembly and their
structural organisation helps in understanding their role in various membrane bound events
in a cell. These studies can be performed by techniques such as X-Ray scattering, NMR,
DSC, AFM and microscopy to name a few. Small-angle X-Ray is an established technique
to explore the structural details at nanometre range. This angular range contains a wealth
of information pertaining to the overall structure of partially ordered lipid assemblies.
Unfortunately these techniques can be used to collect data for one system at a
time. To get a better insight into the role of lipid membranes in cellular function, it is
important to study the structure, function and molecular organisation of a vast variety of
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lipids. Remarkably less than 4% of lipids found in nature have been characterised with
respect to their phase behaviour. High throughput application of techniques is restricted
to the structural analysis of proteins at synchrotron facilities.(Hur (2009)). To the best
of our knowledge a lab-based high throughout X-Ray diffraction technique has not been
developed. This limitation is the motivation behind development of the sample chamber.
3.2 Sample Chamber
The sample chamber is a eight sided carousel with each face of the octagon carrying
a holder unit that can hold upto 13 capillaries. Each of these 8 holders are individually
temperature regulated.
3.2.1 Description
Following the discussion in the previous section, the features of the new high-throughput
sample chamber are explained. Fig.3.1 shows the side view of the sample chamber.
Side view of the
Sample Chamber
(a) To water Bath
(b) Sample chamber lid
(c) Temperature Control
Connectors
(d) Top lid with ball bearing
(e) Sample chamber
(f) Rubber o-ring
(g) Water jacket
(h) Sample holder
(i) Sample chamber locator
(j) Bottom lid on ball bearing
(k) Axis
(l) Rotational stage
Figure 3.1: Sample chamber side view:Sample Chamber side view with a description of the parts to
the right.
The chamber is mounted on a rotational stage( Fig.3.1(l)). A coupler (Fig.3.1(k))
couples the sample chamber to the rotational stage.This also provides the axis of rotation.
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The sample chamber itself is placed in an encasing in order to avoid irradiation as well
as facilitating its use under vacuum. This encasing is a three part component that are
linked to each other via a ball bearing groove at the bottom (Fig.3.1(j)) and at the top
(Fig.3.1(d)). With this setup, the top and the bottom part of the casing rotates along with
the sample chamber while the middle portion that has windows for the X-Rays to pass
through remains stationery.In order to make it radiation proof and vacuum proof, rubber
o-rings run on the inside of the case at the junction between the three parts.(Fig.3.1(d)).
Sample chamber sits on the coupler where a locator (Fig.3.1(h) )guides the correct position
of the sample chamber. A water channel that runs through the chamber to provide
heat sink for the peltier heaters that regulate the temperature of each holder block unit.
(Fig.3.1(g)). Each face of the octagon has a 13-capillary sample holder that is mounted
onto the sides with the help of screws. Sandwiched between the sample holder and the
face of the octagon that contains the water jacket are the peltier heaters .These are used
to control the temperature of the sample chamber. The top lid has a provision to open
the sample chamber (Fig.3.1(b)), connections to the peltier heaters from the external
controller, the power supply unit(Fig.3.1(c)) and the temperature sensors.
Design requirements
In order to accommodate as many samples as possible there are three major issues that
needs to be addressed:
(1). Designing a compact yet functional sample chamber. Available bench space,
relatively low flux at a lab based beam-line and the detector efficiency dictates the optimum
size of the sample chamber. Larger the size of the sample chamber,more number of samples
can be accommodated.This will increase the length of the beam-line and thus compromises
the image quality that can be obtained at greater distances.
(2).The distance between the sample should be good enough to make sure that
there is no interference of diffraction patterns from two adjacent samples. An appropriate
method of scanning a sample needs to be developed. Keeping these factors in mind a
circular arrangement for holding the capillaries was chosen. Sample holders are such that
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their inner surfaces are flat whereas the portion onto which the capillaries are placed form
the circumference of a circle. Not only such a set is compact, the circular arrangement
means that the position of the sample to detector remains same for all samples. This
reduces the task of repositioning the sample each time a capillary is scanned.
(3). To have as many independent temperature controlled samples as possible with
a facility to set up different ramps for different samples which requires the use of peltier
heaters. To address this, the outer part of the carousel was cut in the shape of an octagon
(Fig.3.2). This provides flat faces onto which peltiers can be mounted easily. With this
set up one can have eight independent temperature controlled units each controlling 13
capillaries at any given time.
Working principle
The requirements discussed in the previous section .3.2.1 are addressed as follows:
Size of the sample chamber is 87.5mm.Together with its encasing it occupies about
254mm of space.The sample chamber accommodates 8 sample holders. To record interfer-
ence free images, each sample is about 2mm apart from each other. Considering the size
of the focussed beam(300µm 2.4.5,this distance is sufficient to meet the above mentioned
criteria.
The following sections go through each of these components and describes the work-
ing of the chamber.
Fig.3.2 Depicts the top view of the sample chamber. Eight sample holders are
arranged as shown. At any given time two sides of the octagon faces the incoming X-Ray
beam.This would mean that two samples will be irradiated simultaneously and will lead
to erroneous recording. To overcome this the capillaries are placed in such a way that the
X-Ray beam misses samples at the entry and hits the sample on the opposite end.This is
realised by the construction of two different sets of capillary holders namely TYPE I and
TYPE II, (Fig.3.2(a) and (b) respectively). The difference between the two types lies in
the arrangement of the capillary holders. Capillaries on one type is offset by 3mm.Thus
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Figure 3.2: Top view of the sample chamber.(a) Represents the sample holder of type I and (b)
represents the sample holder of type II ??. Figure depicts how each sample is irradiated with X-Rays .
Each sample holder is capable to holding 13 samples in one time.There are 8 such holders, four of which
are Type I and the other four are of Type II. Each holder can be temperature controlled independently
using Labview based software.
the arrangement of these holders are such that TYPE I always faces TYPE II and vice
versa.This means that there are four of each type of sample holders.
The description of the temperature control units and its assembly is in Section.3.2.3
Samples are scanned by rotating the sample chamber. Continuous rotation of the chamber
will result in twisting of the connectors that connect the peltiers and Pt100 sensors to the
external power supply , the tubing between the water bath and the sample chamber. Hence
rotation upto 180◦ at a time and bringing it back to home position for subsequent scan is
adopted. It was ensured that the home position is reached from only one direction. Full
automation of the sample chamber can only be achieved if the position of each capillary
holder is known accurately along with its alignment to the incoming X-Ray beam. This
constraint is applicable to the correct positioning of the sample chamber to the incoming
X-Ray beam as well. Each sample older is arranged in such a way that Type I and Type
II face each other. X-Ray passes between two samples of Type II and hits the capillary in
67
Sample Chamber Sample Chamber
Capillary Holder Description
(a) Pt 100 Temperature
Sensor
(b) Capillary holders
(c)Adjustment pin slot
(d)Fixing screw slot
(e)X-Ray window
(a) Capillary holder
Drawings Description
(a) Type I
(b) Type II
(c) TypeI and Type II
superimposed.
The red dot is the holder
for the Pt100 temperature sensor
(b) Drawings of the two types of sample
holders Type I type II as appears from the
top
Figure 3.3: TypeI, TypeII Sample holders:Design of two types of sample holders
Figure 3.4: Alignment scale:Alignment procedure to centre the sample chamber such that the
Type I. (Fig.3.4). Before the sample holder was fixed at its position, the scale was first
inserted right across the two holders in such a way that the type II side of the scale is at
TYPE II of the holder where as the type I is at TYPE I. Now the rods are inserted and
both the holders are moved horizontally till all the rods fall through. This happens only
when the set up attains the position that satisfies the above mentioned constraint.
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3.2.2 Sample Chamber alignment and Software development
As discussed in the previous section (Sec.3.2.1), because of large amount of samples and
fixed X-Ray beam, it is important to ensure that the sample is placed exactly in the path
of incoming X-Rays . Only this arrangement will give diffraction patterns of the sample
on demand without any interference. This is done in two stages. Firstly, the sample
chamber itself should be along the axis of the incoming X-Rays and centred. In addition
X-Rays should enter at the centre of the chamber. These conditions are met by aligning
the sample using two alignment methods developed. First method is used to align the
sample chamber as a whole to the axis of the X-Ray beam.The second method is used to
determine the step positions required to reach the consecutive capillaries. These methods
are described in the following sections.
Sample Chamber Centring
This is done by using a steel rod that can be placed at the centre of the sample cham-
ber.This rod can block X-Rays .
Fig.3.5 shows the sample chamber on translation stages capable of moving along
the z and y axis respectively. First the horizontal displacement stage (Fig.3.5(j)) is fixed
onto the bench with the help of clamps (Fig.3.5(k)). The vertical height adjustment
unit is then placed onto the horizontal displacement stage as shown in (Fig.3.5(i)). The
rotational stage which rotates the sample chamber for scanning the capillaries is then
placed on the vertical height adjustment unit(Fig.3.5(h)). This stack like arrangement
facilitates movement in two directions in steps sizes as small as 1µm.
Alignment
The alignment of the sample chamber is done as follows. After mounting the sample
chamber onto these displacement stages, a steel rod is inserted at the centre of the sample
chamber. See (Fig.3.6(a)).
The rod blocks out X-Rays .Therefore, the sample chamber is moved from one end
along z-axis to the other using the z-axis stage(Fig.3.6(a)).This is driven by NI (7440
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Sample Chamber
on Adjustment stages.
(a) To water Bath
(b) Lid
(c) Temperature Control
Connectors
(d) Top lid with ball bearing
(e) Anti rotation unit
(f) X-Ray window to detector
(g) Flight tube interlocks
(h) Rotational stage
(i) Height adjustment Y-axis
(j) Lateral adjustment
stage Z-axis
(k) Clamps
(l) Lid interlock
Figure 3.5: sample chamber on motorised stages: Sample Chamber mounted on translation stages
for the height adjustment (Y-axis) and sideways adjustment (Z-axis). Both translation stages are motorised
and can be controlled via PC. The y-axis adjustment stage is used to centre the incoming X-Ray beam
in the y-direction whereas the z-axis adjustment is used to centre the sample chamber along the incoming
X-Ray axis with the help of alignment rod.
controllers) drivers. At every step the image of the X-Ray beam is recorded at the detec-
tor. Movement of the stages and the image capture is performed by an in-house labview
interface. A detailed description of this interface and its development is discussed in
Section(3.2.3.)
First the area of interest is decided based on the position of the beam that corre-
sponds to a bright spot on the image. This area of interest is then fixed for all the images.
The total intensity is then measured by adding the intensity of all the pixels in the region
of interest. The total intensity is plotted against the steps at which these images were
captured. The places where the steel rod was not obscuring the X-Ray beam were bright
and hence showed an increased intensity. Fig.3.6(i). The positions where rod was in line
with the X-Ray beam, obscured the beam and no intensity was recorded onto the detector
Fig.3.6(ii). When the sample chamber was moved along the same direction further, the
steel rod did not obscure the X-Ray beam and the intensity recorded was again increased
(Fig.3.6(iii)). This profile is then fit to a Gaussian after smoothing using Labview based
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Figure 3.6: Centring sample chamber:lAlignment procedure to centre the sample chamber such that
the centre of chamber is co-incident with the long axis of the ellipse that includes the source,mirrors and
detectors as discussed in Chapter 2.A rod is inserted at the centre of the sample chamber.The sample
chamber is moved along the z-axis in steps of .... with the help of the motorised stage (Fig. 3.5(j)). The
detector screen doesn’t record any intensity when the rod obscures the incoming X-Rays (position (ii)).The
movement is continued in the same direction until the detector screen shows bright image of the beam
again(position(iii)).(b)The measured intensity as a function of position is plotted.The dip is fitted to find
the centre of the profile.This corresponds to the centre of the long axis to which the sample chamber is
then moved.
interface. The position (in steps) obtained for the centre after fitting the curve is recorded.
The sample chamber is then moved back to the home position and is brought back to the
centre position. This ensures that the sample chamber is centred with respect to the
incoming beam along x-axis.
Next step is to align the sample chamber along y-axis.This is done exactly like the
horizontal alignment except this time the height adjustment unit is used to move the cham-
ber up and down. Since the gap through which X-Ray beam can go through is small(5mm
gap), the height adjustment was done by manually positioning the vertical stage at con-
stant intervals. It was important to make sure that the beam passes through the sample
chamber at the entrance as well as the holder close to the detector uninterrupted. Precise
positioning for the height was not important.
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Capillary holder alignment
The second aspect was to know the precise position of each capillary holder. Aligning and
finalising the positions of capillary holders is similar to the method of centring the sample
chamber discussed earlier. Alignment on page 69.
There are three important aspects that needs to be addressed while determining
capillary positions. First, the positions should remain same over a period of 100s of
rotations of the sample chamber. Second, the positions should be the exact centres of
capillaries in order to collect interference free images and third, the cables and the water
tubing should not get twisted during data acquisition as a result of rotations.
Figure 3.7: Scanning procedure:Picture depicting the names of each face of the octagonal sample
chamber and the home position axis of the rotational stage.The direction convention is also shown.The
step sizes between each capillary is counted based on these conventions
Rotating direction convention
Each of the sample holder is named alphabetically from A through H. The home position
on the rotation stage corresponds to the capillary holder C. Capillary holders C D E
F(anticlockwise) are scanned in one direction whereas the holders A B C D (clockwise)
are scanned in the opposite direction.
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From Fig.3.7, Scanning samples in the holders C D E F the chamber is done by
rotating the sample chamber in the negative direction. Because home position is reached
from only one direction, which is negative, the sample chamber stops once home is reached.
In order to scan C D E F, one needs to go past the home position. This is done by disabling
the home position switch. Once the last sample in the C D E F portion is scanned, the
sample chamber is brought back to home position by moving in negative number of steps
rather than the traditional find home position.
Scanning samples in the second half that comprises H A B C is done by rotating
the sample chamber in the positive direction as shown in (Fig.3.7). Once the last sample
is scanned the sample chamber is brought back to home position by the traditional find
home command.
Thus in order to scan sample on either side of the home position, the sample chamber
is brought to home position after scanning the last element on each half .
Figure 3.8: Capillary position determination:Finding the position of capillaries by inserting rods
and recording the intensity.
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Figure 3.9: Capillary alignment graph: Plot of the recorded intensity of the beam while rotating the
sample chamber. When the sample holder containing the metal rods are in the way of the incoming X-Ray
beam, no intensity is recorded and hence average intensity was a minimum corresponding to the trough
in the plot. When the beam passed between the two rods, beam was captured onto the CCD detector
corresponding to the peaks in the plot. By fitting the peaks one can find the distance between the two
maxima and half way between them corresponds to the centre of the capillary in a sample holder.
Find position
The second aspect was to find the exact number of steps between each capillaries. The
capillary holders in each sample holder A through H is filled with steel rods. As mentioned
in the previous section ( Alignment, Page 69) steel rods can block X-Ray beam. The
sample chamber is rotated in constant step size (5 half steps, 62.5µm) keeping in mind the
right direction as mentioned above. As these capillary holders go past the X-Ray beam
the rods block the beam and hence no intensity is recorded (Fig.3.8(a)). However, at
positions when X-Rays can pass through the gap between the two capillary holders, an
image of the beam on the detector is recorded (Fig.3.8(a)). This process is repeated for
the entire stretch of sample holder.
Following the procedure explained in the Alignment section on page 69, the total
intensity in a fixed area of interest is calculated for each step position. This is then plotted
against the steps. The data obtained is fitted and the centres are calculated between the
two consecutive peaks. This represents the centre of capillary holder(Fig.3.9). The step
size corresponding to each centre position is written in a file which is fed to the scanning
routine used to place the desired sample in the beam-line.
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Figure 3.10: Temperature controller response: Plot of temperature set point against time and the
response of the peltier heater of block D. Temperature was set at different set points and the response of
the regulator was observed as a function of time. It is clear from the plot that the temperature reaches
the set point in less than a minute and overshoots for and oscillates about the set point temperature for
about 2 minutes.Once stabilized by PID controls, the temperature is regulated to about 0.005◦C of the set
point.
Find position routine
Finding the centre of each capillary using this routine works well for all the capillary
positions except the end capillaries in each sample holder. This is because the ’Find
centre of capillary’ routine relies on finding peaks that are above a certain threshold. In
case of (Fig.3.9) the peaks were found above the threshold value of 4.9E+6 within a
certain width of the curve(in this case it was 15 points). The routine cannot find a peak
with these constraints for the end capillaries simply because the width is either too small
or too large.For the end capillaries the centre position was calculated manually.
3.2.3 Temperature Control System
Temperature control of the samples is achieved by using thermoelectric devices (CP.0-127-
05L-RTV, Melcor distributed by RS Components Ltd, Corby, Northamptonshire, UK)
75
Sample Chamber Sample Chamber
which are placed between the eight sample holders and the heat exchanger. The ther-
moelectric devices also known as TECs, make use of the Peltier effect by converting the
applied current to a temperature differential between both sides of the device. By keeping
the face of the device which is in contact with the heat exchanger at a fixed temperature,
the other side of the device which is in contact with the ample holder can be thermally
controlled by varying the current running through the device. The advantage of using the
TECs is the ability to heat or cool the sample holder unit. The heat exchanger is kept at
a constant temperature using a circulating water bath.
A pt100 temperature sensor (16-1-2.0-2-50-CEIA-R100-1/10, TC Ltd, Uxbridge,
UK). The temperature control cards are powered by a high power density power supply
(SMQ300PS15-C, XP Power, Berkshire, UK) have USB connectivity and Labview drivers
making temperature control through the graphic interface easier to implement. The TECs
used have a maximum operating temperature of 85◦C and a maximum temperature differ-
ential of 64◦C. By fixing the temperature of the heat exchanger to 30◦C the temperature of
the sample hlders can be controlled between 5◦C and 85◦C. (Fig.3.10) shows the stability
of the temperature of one of the 8 sample holders at various temperature set points.
There are two aspects of temperature control that were to be addressed. First,
tuning the PID parameters so that the temperature reaches the set point as quickly as
possible while avoiding temperature overshoot during regulation. The second aspect was
to develop an interface that can be used to communicate to the temperature controller
cards by the user.
Tuning PID parameters is always tricky and often suppliers provide auto tuning
routines along with their products. The temperature controller card used in this work
also came with a auto tuning routine to fix the values of Proportional, Integral and the
Differential term. Although the routine couldn’t give the best values for these parameters,
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(b)
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(d)
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16Pin 
connector
PSU
USB Ports
Temperature controller cards
 Peltier heater 
connectors
Pt100 
connectors
To water bath
Lid
Temperature control connectors
Top lid with ball bearing
Anti rotation unit
X-Ray window to detector
Flight tube interlocks
Rotational stage
Height adjustment Y-Axis
Lateral adjustment stage Z-Axis
Clamps
Figure 3.11: Temperature controller circuit: Diagram depiction various connections and the layout
of TEC controlled sample chamber blocks.
the temperature regulation was very good once it was stabilized. Since the heaters are
heating a large piece of metal that holds capillaries, a 2 minutes temperature overshoot
during the initial temperature set point may not affect the overall temperature of the
samples. Nevertheless, better values of P, I, D parameters need to be worked out for
better performance of the system.
The second aspect of the temperature controller was to be able to develop user
interface that can handle: setting the temperature, setting a temperature ramp, selecting
a heating block and regulating the temperature on demand. RS232 commands were used
to communicate to the cards via Labview interface. Fig.(3.12) is the front panel of the
routine developed in labview. The details of data packets and command instructions are
provided in the appendix.
3.3 Interfacing and Automation
This section discusses the methods and routines that are developed to automate the
sample chamber. Two aspects are presented. First set of routines discussed in the following
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Figure 3.12: Temperature controller front panel: Front panel of the temperature control routine.
The program diplays the set point temperature, the current temperature and the name of the block which
is set to the given temperature.
section are developed to automate the data acquisition protocol. These routines allow the
user to feed in capillary positions that contains samples, set temperature ramps and enter
the number of images to be acquired along with other parameters such as exposure time
and gain settings. Once these values are fed, the sample chamber moves to the desired
capillary position in sequential order as explained in the and the data acquired is stored
into external storage devices for further analysis. Thus, these routines enables the user to
scan large amount of samples with minimal user interference.
The second aspect was to develop routines to analyse X-Ray diffraction images and
extract lattice parameters from them. This includes: integration of the images, pattern
matching in order to determine the phase, finding D-spacing and finally stacking integrated
images. This is useful to visualise the phase changes in a sample as a result of changes
in the physical conditions such as temperature, hydration or pressure. These routines
are well established in various programming languages. The purpose of iterating them in
Labview is to keep various interfacing and analysis routines in one platform. Further this
can be integrated with the data acquisition routines to enable the user to save data after
preliminary analysis.
3.3.1 Overview and requirements
For a chamber that can hold up to 104 capillaries, handling them and acquiring images
manually will be cumbersome and time consuming. Keeping this in mind, routines are
developed to fully automate the sample scanning and image acquisition steps.
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Figure 3.13: Beam-line with interfacing units:Figure depicts how various components of the beam-
line are put together and integrated .A Labview based GUI is used to send command to these components.
The major aspects of automation are discussed in the following paragraphs. First
requirement is the precise positioning of a capillary of interest in front of the X-Ray beam.
(Section. Find position on page 74) . Secondly, full automation of the chamber requires
that the capillary positions are repeatable after several runs/rotations. That is, every
time a capillary position is requested to be in the beams path, the sample chamber should
move the same number of steps and should be able to place the capillary of interest in the
beams path for diffraction. Lastly, a fully automated temperature control unit is required.
Hardware
Fig.3.13 Describes how each component of the beam-line is integrated. The shutter at the
generator is connected to relay unit NI 9481. This is used to close or open the shutter
on demand using the Labview interface. As mentioned in section(),the sample chamber
itself is placed on translation and rotation stages. First placed is a motorised translation
stage that provides movement in the z direction.This is connected to a 4-axis power drive
4-Axis MID-7604 that drives the control card NI-PCI-7344.The controller provides
interface between the software and the hardware. On top of the translation stage is the
height adjustment stage which is also connected to power drive and hence to the controller.
Rotational stage Thorlabs NR360S is then placed on the height adjustment stage.This
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is connected to the power drive and the controller card. These stages along with power
drives and the controller provides a platform to move the sample chamber to the desired
position.
Figure 3.14: Image acquisition command flow: Flow chart depicting how each component is inte-
grated along with the model nos of the parts used.
The temperature control of the sample chamber is discussed in Section. Tempera-
ture Control System on page 75. Each sample holder has a Peltier heater that sets that
regulates the temperature of the sample environment and a temperature sensor, Pt100,
that is used to read the temperature of the sample holder. These are connected to a
inhouse power supply and the controller unit. The power supply unit houses a series of
8-temperature controller cards and a power supply unit that drives the controller cards.
As with 7344 controller cards, the power supply provides the power whereas the controller
card is used to communicate to the hardware using custom written routines. A water
circulating bath provides the sink to the system. These cards are connected to a computer
via USB ports. Finally a CCD detector can also be run using a software. A Picasso
framegrabber placed in the PC provided the interface between the camera and the soft-
ware. Fig.3.15 represents the ray diagram of how each component is connected together
with the parts describe above.
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3.3.2 User interface and automation
A set of routines written in Labview allows user to feed capillary positions occupied by
capillaries with samples in it, set temperature ramps and image capture settings.
Figure 3.15: Beam-line with the interfacing unit:Figure depicts how various components of the
beam-line are put together and integrated. A Labview based GUI is used to send command to these
components.
Fig.3.15 shows the various subroutines and the sequence in which they are called.
Once the capillaries are loaded, the positions at which the capillaries are loaded is noted.
The capillary positions are number alphanumerically with each sample holder containing
13 capillary holder named alphabetically starting from A till H. Each position of the
capillary holder is named numerically from 1 till 13 with the one next to the Pt100 as
the first one. Thus if a sample holder A has sample capillary in position 3 for e.g., it is
referred as A3 and so on.The interface has options to choose between manually clicking the
capillary positions are occupied or select all option that can be used in case al the positions
are occupied. The positions of the capillaries determined as explained in Find position
routine on page 75 are pre fed in an array. The selection of capillary then picks the step
position corresponding to that capillary from this array. Once the capillaries positions
are fed to the program, it then prompts to set temperature ramps for the sample holder
containing these capillaries. Fig.3.15(b) Shows the GUI written to set the temperature
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ramps.
The third aspect is to set the image capture settings. Fig.3.15(b) shows the GUI
used to do this. One can set the exposure time, number of images to be captured and gain
settings using this widget. These settings can be done independent of ’select capillary’ and
’set temperature ramp’ protocols. Once these are set, the routine finds the home position
first and then scans samples in the sample holders C D E F first. It comes back to home
position and scans the samples in A B G H holders after which the the sample chamber is
brought back to the home position by the negative steps equivalent of the number of steps
corresponding to last capillary scanned. Each time all the capillaries in a sample holder is
scanned, the temperature of that sample holder is set to the next temperature as dictated
by the step size in the temperature ramp widget. This is useful because by the time all
the capillaries are scanned, the temperature of the first sample holder is equilibrated and
is ready to be placed in the beam for diffraction measurements. However, there is an
option of wait time in the interface that can be set so that the sample chamber holds
further scanning for the specified amount of time and continues after that.The process of
scanning takes place until all the temperatures in a given ramp has been reached and the
images are captured as set up by the image capture routine.
The images captured are saved to the external storage device in the folder whose
address is loaded in the GUI.The file names gives information about the capillary sample
environment.This order is given by the capillary position followed by the steps that corre-
sponds to the position followed by the details about the sample that are fed in the excel
sheet by the user followed by the temperature followed by exposure time and the number
of the image for that particular scan. The images are stored in tiff format.
This simple routine helps in fully automating the scanning procedure which saves
time spent on the beam-line by a user as well as providing a high throughput environment.
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Figure 3.16: GUI for X-Ray data analysis: Front panel of the software developed to analyse X-Ray
diffraction data.
In the next sections, routines developed to analyse X-Ray diffraction data using
Labview is discussed. This compliments the automated sample chamber in that it can be
integrated with the image capture routine and can help in storing preprocessed data on
to disk. This can further reduce time in analysing data .
3.3.3 Software development to analyse X-ray diffraction data
This section discusses the second aspect of the software development namely X-Ray data
analysis software. Details of subroutines written in Labview is presented. As mentioned in
the previous section this was done to compliment the fact that all the routines are written
in one programming language from start to finish .
The sub-routines presented here are though not rigorous but certainly sufficient to
analyse data and basic stack plot integrated data to look at the evolution of phases in
a given system. Any additional requirements has been developed separately and is not
included in the main analysis software.
The main goal of analysis is to extract d-spacings(Section.1.3.1) from diffraction
image which is used to find lattice parameter corresponding to the phase in question.This
is a multi step process that includes integrating the intensities and finding the ratio at
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which peak positions appear in the plot. The ratio are characteristic of a crystal system
and hence can be used to identify the phase of the system.Together they can be used to
find the lattice parameter for a given phase. In order to extract the correct information
one needs to calibrate the system. Usually this requires finding the distance between the
sample and the detector from the d-spacing of a known sample. For SAX measurements
AgBe is used as a calibrant.
Figure 3.17: Setting parameters for Find Centre routine: Figure shows a sample diffraction image
obtained from AgBe sample.In order to accurately find centre of the image ,co-ordinates of approximate
centre is manually fed to the routine.The rest of the co-ordinates of pixels are then calculated with respect
to the approximate centre.Position of start and the end of the peak as shown in red and brown circles are
then converted to polar coordinates to get both radii.
To find the d-spacing, one needs to first integrate the data, identify the phase and
find d-spacing using a calibrant. Sub-routines to calculate these are developed.
Radial Integration
First set of routines deals with integrating the diffraction image obtained from the detector.
This routine converts a 2-D image into 1-D plot that is used for further analysis. In order to
integrate correctly it is important to find the centre of the image as accurately as possible.
This is done by another sub-routine called the ’find centre’ sub-routine.(Fig.3.18)
Find centre: The centre of image is found by selecting a peak and converting the
2D image of the peak to 1D by radially integrating (Fig.3.19) between 0 and 360◦ in
constant step size. The step size is user defined. An initial guess of X and Y co-ordinates
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of the centre is given by the user (Fig.3.18). The lower and upper bounds of start and end
of the peak is also entered.(Fig.3.19). The routine then creates mask with inner radius,
outer radius as, start angle and end angle differing by the step size defining the boundary
for each step. This region is radially integrated and the peak position is recorded. This
process is repeated for all the segments of the peak. The set of positions of peaks is then
fit to a circle whose centre determines the centre of the image. This process takes about
3 secs per image. This has been improved by performing multi core programming. As a
result the centre can be found in about 10ms.
(a) (b)
(c) (d)
Find center bounds
Center co-ordinates
Figure 3.18: Front Panel of ’Find centre’ routine.In (Fig.(a)) shows the mask created at each
step.The visible region is radially integrated. (b)Radial integrated profile of the region of interest. (c)
contour detected:In order to find centre a peak is chosen to be integrated.The peak is then segmented in
regular intervals.The number of steps can be defined by the user.Each segment is then radially integrated
as described in the radial integration section and the peak position is recorded.One then gets a set of points
that defines the contour of the peak.A circle is fir to the set of points which then gives the centre of the
circle.This corresponds to the centre of the image. (d) Shows the linear intensity graph of the peak that
is integrated. Find centre bounds :these are the parameters that are fed to the routine in order to find
centre.This includes start angle and end angle bounds,initial guess for the centre of the image, the start
and the end radius values ,and the step size. Centre co-ordinates :Displays the centre after performing
the fit routine.Courtesy:Nick Brooks
Radial integration:Once the centre of the image is found as described in the
previous paragraph, the image is radially integrated. As mentioned earlier, all the pixels
are first represented with respect to the coordinates of the centre of mass. This is then
written into polar co-ordinates where pixels are represented by a set of (r,θ) values enabling
a representation of the image. All the pixel intensities for each radius between a start angle
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(a) Finding D-Spacing Front Panel (b) Calibration Routine Front Panel
Figure 3.19: Radial Integration: Figure shows a sample diffraction image obtained from AgBe sam-
ple.Figure depicts how a peak is segmented equally by the step size and is radially integrated to find the
position of the peak in that segment.(a) Picture shows how a peak is chosen and the inner and outer
radius is calculated by entering x ,y co-ordinates with respect to the centre (green line).The segments are
equidistant and corresponds to the step size given by the user.This is in angles w r t the centre.(b)shows
one of the segment.The ROI OABC if radially integrated.all the pixel intensities between radius nn’ are
added and averaged by the no of pixels in nn’ .This gives one intensity value at radius n.(c) Shows the
plot of the intensity values against the radius .There is a peak at the maximum intensity radius position.
and the end angle is added and averaged to get a intensity value for a radius. Finally the
calculated intensity against the radius is plotted which is used for the rest of the analysis.
Since pixels are only represented in integer values, the fractional pixel positions for
corresponding intensities are interpreted as follows: If the intensity in a particular pixel
position 123.45 is X, pixel 123 receives only 55 percent of X and the rest 45 is added to
the next neighbouring pixel.
Pattern matching: The ratio of the position of the peaks in 1D plot of radius vs
intensity obtained as explained tells about the phase the sample is in. Pattern matching
protocol is a routine developed to visually estimate the phase. This routine overlays set
of parallel lines separated by distance corresponding to the distance between reflections
specific to a given phase. These lines can be brought closer or moved further apart main-
taining the same line to line distance ratio. This is a useful tool to identify the phase
regardless of higher or smaller d-spacing scenarios (Fig.3.20).
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Figure 3.20: Pattern matching:Figure depicts how patten matching tool is used to identify the phase
of a sample. Selector box ’Phase’ has a set of predefined phase whose ratios of the peaks are known.
Selection of a particular phase (here Lamellar) draws lines in the ratio as shown.Blue line sets the position
of the first peak.This can be dragged by the user and the corresponding lines move accordingly maintaining
the same ratio.
Peak fitting:Once the phase of the sample is identified, the peak positions are accu-
rately determined by fitting each of the peaks. This enables one to calculate the d-spacing
accurately up to three decimal places.This is performed by Peak Fitting subroutine. Up
to six peaks can be fitted and the positions can be recorded. In order to fit peaks, a
rough position of the peak is first entered and using a slider bar the number of points on
either side of the approximate peak position is selected. The peaks are fit using a inbuilt
Gaussian fitting function in Labview. For each peak, the corresponding index position for
the particular phase as determined by pattern matching tool is also specified.The function
gives option of selecting the peaks that can be used to calculate D-spacing(Fig.3.21).
Calibration: Prior to calculating the D-spacing of the sample in question, it is
important to calibrate the system. This involves estimating the sample to detector distance
from the diffraction pattern obtained for a sample of known D-Spacing. For small angle
X-Ray scattering Silver Behenate is used as a calibrant. Silver Behenate exhibits lamellar
phase whose D-Spacing is given by 58.376A˚. Using this value into the Bragg equation
given by(ref), one can calculate the sample to detector distance.This sample to detector
distance is used to calculate the correct d-spacing for all the other samples.(Fig.3.23b)
Find D-spacing: Once the system is calibrated and the exact sample to detector
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Figure 3.21: Peak Fitting:Front panel of the peak fitting routine.User needs to enter the index
values corresponding to the phase as determined by pattern matching protocol,approximate peak posi-
tion.The slider bar beneath each graph is used to select the number of data points to be considered for fir
on either side of the peak.Fit value returns the exact position of the peak by performing the Gaussian fit
on the selected peaks.Finally,only the selected peaks as represented by the Fit option is used to calculate
the d-spacing.
distance is known, d-spacing of the samples can be calculated using this routine. To
calculate the D-spacing, the peak positions along with index values are fed to this routine
automatically once ’find d-spacing’ button is selected. This also loads the correct sample to
detector distance obtained after calibrating the system. Using the calculated d-spacing of
silver behenate and the sample to detector distance, d-spacing of the system is calculated.
Typically one peak suffices to perform this calculation. However, calculation of d-spacing
for various peak positions and fitting them to a linear fit provides a more accurate value.
3.4 Performance of the beam-line
3.4.1 Image capture
First the quality of the image was checked. AgBe sample was used to capture image
both at wide angle and small angle modes.(Fig.3.23) Although diffraction rings can be
obtained only after 30 seconds of exposure, to get a clear diffraction pattern exposure
times were at least five minutes. This could be because the detector was saturating in less
than 20 seconds.(Fig.3.24)The flare around the beam stop is significant. Nevertheless, the
background noise appears to be negligible. The picture shows sharp rings captured by the
camera.
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(a) Finding D-Spacing Front Panel (b) Calibration Routine Front Panel
Figure 3.22: Find D-spacing and Calibration Protocols
(a) Image of AgBe captured at small angle
setup.The flight tube used is the longest flight
tube(ref chap1)
(b) Image of the Diffraction pattern of AgBe
sample at wide angle mode.There was no flight
tube between the detector and the sample.The
distance between the sample and detector was
73mm.ref(chap1)
Figure 3.23: SAX WAX images of AgBe
Quality of the images when two samples were placed side by side were also tested(Fig.3.25).
Ideally one should capture diffraction of each sample without any trace of diffraction from
the adjacent sample. There was no inferencer of the two samples diffraction patterns.
3.4.2 Temperature control
Stability of temperature at each set-point was checked by allowing the sample holders to
be at a given set point for 5 minutes and performing a temperature ramp from 25 degrees
to 40 degrees and back to 25 degrees (Fig.3.10). There is a overshoot in temperature
in the first 1-2 minutes. This is ok because the samples are in glass capillaries and the
heat conduction in glass is poor. Therefore although the sample holder has a higher
temperature than the set point, the glass capillaries are still equilibrating at a much lower
temperature.The temperature control is done by PID control and can be tuned further to
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Figure 3.24: Detector gating: Graph depicting the saturation of the total intensity collected by the
camera within a minute.The beam was allowed to fall onto the detector.A copper attenuator of thickness
0.5mm was used to prevent detector area damage due to X-Rays . The total intensity of the entire image
was added. Images were captured at regular intervals.
Figure 3.25: Diffraction pattern from three samples placed side by side: Figure shows the
diffraction pattern obtained for three capillaries with three different samples.(a)silverbehenate sample
where the exposure was 15 minutes.(b) sample with inverse hexagonal phase forming lipid with exposure
time of 15 min.(c) sample forming cubic phases at an exposure of 10 min.The images correspond to the
expected diffraction patterns and do not show any trace of diffraction pattern from neighbouring sample.
get better stabilization.
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3.5 Summary
The sample chamber constructed as discussed in this chapter shows the possibility of
making a high throughout set up for X-Ray diffraction measurements. With the help of
few interfacing units, it can be fully automated thereby allowing the ease of access by the
end user. A modular design of the beamline is presented. This gives more flexibility in
using and assembling parts by the user. As a result the sample holders, peltiers and Pt100
sensors can be replaced with minimal changes in the settings.
A software is developed to analyse diffraction pattern obtained by the beamline. The
software while still being updated, can handle a variety of data obtained from synchrotron
sources such as ESRF and Diamond. A simple process of scanning and saving the images
is shown. These processes are still being improved frequently. The ultimate goal will
be to integrate the image capture and online analysis as best as possible. Although the
quality of the images are compromised in that longer exposure times are required to get a
clear diffraction pattern, most of the images obtained so far were sufficient to perform the
analysis and extract D-Spacings. Work is being done to get a better diffraction image. A
different detector is being tested at the moment. A full scan of a known lipid mixture at
various temperatures will be sufficient to prove the working principle. This is still work
in progress.
The forthcoming chapters in this part of the thesis discusses some of the experiments
that can be performed using this beam-line. The data shown /collected are from a different
beam-line.
Publication
Automated laboratory based X-ray beamline with multi-capillary sample chamber.
S. Purushothaman, B. L. L. E. Gauth, N. J. Brooks, R. H. Templer, and O. Ces. (Manuscript
accepted in Review of Scientific Instruments)
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4 Spontaneous Curvature
The second parameter in Helfrich ansatz called the spontaneous curvature is measured for
a non-bilayer lipid mixture. Spontaneous curvature, also known as mean curvature is the
curvature adopted by a lipid system in a fully relaxed state. The value of this depends
on the lateral stress across a lipid monolayer which in turn depends on various physical
and environmental conditions including temperature, pressure, hydration and electrostatic
charge distribution. Estimation of spontaneous curvature of these lipid mixtures presented
here uses the method described by Alley. (2007) in contrast to the traditional osmotic
stressing method developed by Rand(Rand et al. (1990)).Trends observed in DOPE/DOPC
mixtures are presented and discussed.
X-Ray beamline built as described in the previous two chapters can be used to calculate
membrane mechanical parameters such as spontaneous curvature, bending elasticity and
the Gaussian curvature modulus. This chapter focusses on the measurement technique
and concepts of spontaneous curvature of the bilayer. We have used DOPC/DOPE lipid
system to investigate the influence of non-bilayer lipid DOPE on the spontaneous curva-
ture of membrane. Measurement of lipid spontaneous curvature of DOPC/DOPE system
has been done in the past using Osmotic stressing technique. The technique involved ex-
plicit calculation of the pivotal plane using osmotic pressure and changes in the d-spacing
data. Here we fix the position of pivotal plane and measure the spontaneous curvature
as described by Alley. (2007). The idea of this chapter is to present the kind of measure-
ments that can be performed using the new beamline. Secondly, we would like to study
the effect of changes in spontaneous curvature upon addition of a non-bilayer forming lipid
on protein function. Information available on this system in literature helps in validating
the techniques presented here and gives an opportunity to explore some of the properties
that has not been investigated in the past. Furthermore, these developed techniques will
be used in conjunction with proteins to understand how they influence protein function.
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We will return to some of these concepts in chapter Chapter6 where technique to
calculate the bending rigidity of membrane is discussed.
4.1 Spontaneous curvature: Overview
As discussed in the previous chapter, lipids are amphiphilic in nature and form
aggregates when dispersed in water. At sufficiently high monomer concentration, lipid
aggregates display a variety of liquid crystalline phases that are characterised by long-
range order.( Chapter.1) .These structures can be broadly classified into: L (Lamellar
Phase) One-dimensional lattice; H (Hexagonal Phase) Two-dimensional lattice; P Two-
dimensional oblique or rectangular lattice; T, Q, R Three dimensional rectangular, rhom-
bohedric and cubic lattices. These organisations show polymorphic properties in that they
can be exhibited by the same lipid under different physical conditions but yield same liq-
uids and vapours (Chapman et al. (1967)). These structural organisations play a vital role
in cell function.
The final structure that a lipid organisation can take depends largely on the type
of head group or the hydrocarbon chain and their interactions with their neighbouring
molecules and environment. Headgroup interactions are mainly electrostatic and are
greatly influenced by the presence of oils and salts in the medium. The hydrocarbon
chain takes a variety of shapes: Liquid like: α; Stiff freely rotating: β, β
′
; Helical Coils: δ;
Mixed Conformation: γ, γδ. The conformation of chain can be influenced by the amount
of water content, temperature, pressure or the chemical composition.
Lipids can go from one structural organization to another by changing the pH,
ionic strength, hydration or hydrostatic pressure. Together with unsaturation and chiral-
ity these factors are also crucial in determining the final structural form taken by lipid
aggregates (Luzzati et al. (1968); Cullis and Kruijff (1978); Gruner (1985); Rand et al.
(1990)).
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Cellular membranes are now known to be composed of a variety of lipids. Many
lipids in isolation are found to prefer non-lamellar structures (H, T, P, Q, R) and yet
cellular membranes are mostly lamellar (L) under normal physiological conditions. A
number of experiments has been performed to investigate the importance of the presence
of non-lamellar lipids in cell function. The translocation assay experiment on the proteins
pro OmP A, SecA, SecYEG extracted from the E.Coli and reconstituted in the liposomes
containing DOPE indicated a significant increase in the activity of the protein in the pres-
ence of non-bilayer forming lipids (DOPE, DOG)(van der Does (2000)). Flash photolysis
experiments to understand the rhodopsin meta I - meta II transition by changing the
amount of DOPE indicate that the increase in DOPE content in the reconstituted system
brings about this transition (Botelho et al. (2002b)). Similarly the catalytic activity assay
and the DSC studies on the reconstituted protein and lipid system reported an increase in
the activity of the cytochrome P454SCC in the presence of a non-bilayer configuration of
the DOPC phospholipid. All these experiments point to the fact that the composition of
the lipids in a biological system is regulated so that the membrane is close to, but below,
the lamellar-hexagonal II transition. This tenuous balance is essential for many biological
functions (Schwarz et al. (1997)).
While most of the lipids concerning a biological system show structural variations
either due to the changes in composition or physical variables, their solid-state behaviour
is also important to investigate. X-ray studies of the triglycerides and DPPE revealed the
structure of the hydrocarbon chains in the lipids being parallel to each other but in oppo-
site direction, thereby indicating that the structure is built up from infinite sheets (Davies
and Rideal (1961)), a situation similar to the arrangement found in most of the biological
membranes. Similarly, earlier X-ray studies on various phospholipids have given infor-
mation about the melting points of the lipids and their dependence on the chain length,
unsaturation and polar head group. This information further aids in our understanding
of the phase transitions and their phase behaviour under various physical conditions.
Understanding these structural changes in lipid aggregates has been an interesting
problem ever since their discovery. A brief overview of some of the theoretical concepts
94
Spontaneous curvature: Overview Spontaneous Curvature
developed(from literature) to explain lipid polymorphism and application of elastic theory
to biological membranes as initially developed by Helfrich follows this section.
Hydrated lipid systems are characterized by the long-range ordering on addition of
a solvent, typically water. Amphiphiles readily form bilayers, micelles or vesicles in a
solvent. They interact with each other predominantly by Van der Waals forces, hydration
forces, electric double layer forces and steric forces respectively. Because of the absence of
any strong covalent or ionic bonds, they are fluid-like and are subjected to the changes in
their structures with the change in the physical properties of the solvent like the change
in the pH, the electrolyte concentration etc.
At equilibrium the chemical potential of all identical molecules in different aggregates
should be the same.(i.e)
µ = µN = µ
0
N +
kT
N
log
XN
N
= constant. N = 1, 2, 3... (4.1)
where,
µN = the mean chemical potential of a molecule in an aggregate.
N = aggregation number.
µ0N = standard part of the chemical potential.
XN = concentration.
The concnetration of molecules XN is given by
XN = N
X1 exp[(µ01 − µ0N)
kT
]N (4.2)
For simplest structures like rods, sheets and spheres the interaction free energy of the
molecules can be expressed as (Eq.4)
µ0N = µ
0
∞ +
αkT
Np
(4.3)
for,
rod like aggregates p = 1
discs and sheets p = 12
spheres p = 13
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The necessary condition for the formation of aggregates is that the chemical potential
for N number of aggregates should decrease with the increase in the number N. Formation
of aggregates is then decided by the Critical Micellar Concentration. Finally interaction of
different aggregates at higher concentrations determine the different mesophases adopted
by them(Tanford).These interactions could be due to an attractive (mostly hydrophobic)
or interfacial tension or repulsive forces (mostly electrostatic), steric and hydration forces
between the aggregates. Early attempts in understating the thermodynamics of phase
preference were done by Isrealichivilli and Tanford. It was proposed that such preferences
occur as a result of the competition between an attractive force-(hydrophobic effect and
the interfacial tension forces) and the various repulsive forces-(hydrophilic interactions)
such as steric, electrostatic and hydration energies. The chemical potential in terms of a
newly defined optimal surface area a0 is
µ0N = 2γa0 +
γ
a
(a− a0)2 (4.4)
where a0 =optimal surface area per molecule.
The most favoured structure is predicted by the value taken by a shape factor
defined as v0a0lc (Israelachvili and Mitchell (1975)) where v0 is the effective volume of the
lipid molecule and lc is teh length of the hydrocarbon chain region, a0 being dependent
of various interactions occurring at the interface e.g. the hydration effects, steric effects,
long-range interactions etc.
While this is a qualitative approach and can be used to explain many polymorphic
properties, there are few aspects that are not taken into account (the fact that there are
perturbations in the hydrocarbon chains, inter-aggregate interactions and the exact volume
being not the same at different temperatures). Statistical approaches to understand phase
preferences are considered. Gruen and Benshawl calculated a PDF for a single chain and
related the lateral stress to the packing constraints. It was concluded that apart from the
packing constraints, it is important to take into account the entropic factors in order to
fully understand lipid organisation and phase transitions (Ben-Shaul (1995)).
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Various other approaches towards the problem includes the mean field theoretical
calculation using lattice dynamics, entropy considerations and line defects. These expla-
nations are not generic but pertain to the specific experimental results. Models describing
phase preference prediction based on the electrostatic charge distribution also exists. It is
observed that a neutral lipid in the presence of solvent prefers a hexagonal phase whereas
charged lipids tend to form bilayers under similar conditions. The model also predicts that
it is the short-range solvent-lipid interactions that change rapidly and hence contribute
to the phase preference to a large extent. These results are in good agreement to the
experimental data, however calculation of partition function for the real system is still
difficult.
Other theoretical approaches include treatment of membranes as thin elastic sheets
and using principles of elasticity to describe the energy of lipidic system. Work by Kirk
and Gruner used the concept of intrinsic curvature of the monomer described by (Helfrich
(1973)) and proposed that this reflects the shape of the aggregate in biological systems.
Briefly, the free energy is dependent on the shape of the molecule. Apart from terms
describing the hydration and electrostatic forces, the contribution to free energy is divided
into two parts: the elastic free energy term and the hydrocarbon chain packing energy.
µE = k
(
1
R
− 1
R0
)2
(4.5)
Where κ is the elastic constant, R is the radius of curvature of lipid/water interface,
R0 is the intrinsic radius of curvature that minimizes the curvature energy. Factors that
increase the splay of the tail decrease the value of R0 and factors that increase the effective
headgroup area increase R0. While there were subsequent experiments done in order
to understand the hypothesis, questions on the accurate measurement of the radius of
curvature still remained (Gruner (1985)).
Helfrich treated the bilayer as a thin liquid like hydrophobic film bounded by two
hydrophilic interfaces and calculated the elastic free energy (Eq.4).
gc =
1
2
κ (c1 + c2 − c0)2 + κGc1c2 (4.6)
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where c1, c2 are the two principal curvatures, κ,κG are the two elastic moduli called
the bending modulus and Gaussian modulus respectively. The energy density introduced
a term c0 called the spontaneous curvature of the membrane. This term represents the
curvature of the membrane in equilibrium. In other words, this term represents the min-
imum energy configuration of the membrane. If there are no other forces acting on a
membrane that leads to an effective curvature represented by c1 and c2 , the monolayers
that constitute the membrane will curl so that c0 = c1 + c2 leads to a minimum energy
configuration. This tendency of the lipid membrane to curl to reduce the elastic energy
is called the intrinsic curvature. The spontaneous curvature thus reflects any asymme-
try in the membrane resulting from different physical or chemical environment at both
sides of the leaflet. It is independent of the local shape of the membrane. The first term
represents the elastic free energy of the membrane that is caused by any deviations from
the equilibrium configuration. Factors that increase the splay increase c0 and factors that
increase the effective headgroup area decrease c0. The second term in the equation repre-
sents the energy changes occurring due to the change in the topology of the membrane.
From Gauss-Bonnet identity it turns out that this energy remains constant as long as the
topology of the system does not change. This parameter is more difficult to measure.
Interactions that govern the shape of a lipid are summarised in their lateral stress
profile pi(z). Lateral stress is the pressure applied by the neighbouring molecules on the
central chain as a result of the packing constraints in a bilayer in order to achieve a uniform
density of chain segments. The lateral stress at different regions of the bilayer across its
length is different and includes contributions from various intermolecular interactions.
Helfrich(1981). The schematic of the lateral stress profile across the lipid monolayer is
shown in (Fig.1.3 ).
The lateral stress near the head group region is repulsive with contributions from
the hydration, steric and electrostatic interactions with small amount of attractive term
coming from the hydrogen bonding of the head groups. Below is a table representing the
contribution to the lateral pressure profile from various interaction forces (Marsh (1996)).
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(a) Depction of various intermolecular forces acting
across a bilayer.
(b) Lateral stress profile across a lipid
molecule as a result of various inter-
molecular forces.
Figure 4.1: Lateral stress profile: Pictorial representation of the lateral stress profile arising from
various intermolecular forces acting across a lipid membrane.(a)Representation of various forces that may
act across a lipid bilayer. (b) Lateral stress pi(z) across a lipid molecule.
Interaction Area dependence piint Equation
Electrostatic
1
a (high potential) 13 piel =
2kTα
a1
1
a2 (low potential) < 2 piel =
α2e2
20Ka21
− 1
a
3
2
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3
2
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KT ln
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a0
a−a0
]
− Eg
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Hydration constant 35(max) pihy(dw >> ξ) =
χψho
′2
ξ
steric ( 1a )
Σci
a−a0i 33 pist =
(
KT
a
) [
a
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]
Table 4.1: Lateral stress profile: Contribution to lateral stress profile of a lipid from
various forces. All the terms have their usual definition unless specified.
(Table.4).
At equilibrium the stress profile across a monolayer should be equal to zero.
w
τ(z)dz = 0 (4.7)
The monolayer however will curve either towards water or away from it depending upon
the dominating interaction at the interfacial region. The lateral pressure arising because of
this can be represented as the first moment of the lateral stress profile. It can be shown that
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the spontaneous curvature and the first moment of the stress profile are related.(Eq.4.8)
κH0 = −1
2
w
τ(z)zdz (4.8)
From Eq.4.8, the lateral pressure can only be equal to zero if the spontaneous
curvature of the monolayer is zero. In case of a bilayer, this moment is always zero. The
gaussian modulli is represented as the second moment of the pressure profile (Eq.4)
κG =
w
τ(z)z2dz (4.9)
The mean and Gaussian curvatures determine the shape of aggregates along with the
average area per head group that defines the packing constraint. The conformational
properties are closely related to the bending rigidity and mechanical properties of the
membrane as described in the Introduction chapter.
There are four different shapes that a membrane can take with different combinations
of the principal curvature values (Fig.4.2) shows the different shapes based on the value
of the principal curvature.
As explained in a biological membrane the lipids prefer a bilayer arrangement so
that the net tension is never equal to zero. In fact, the different forces at different regions
of the lipid results in a torque with respect to the mid-plane of the lipid.
Each monolayer is constrained to remain a bilayer configuration in order to minimize
the free energy and hence deviate from their respective preferred curvature. This leads to
a packing frustration and the bilayer is said to be in a stressed state. Depending upon the
value of Gaussian curvature, one can say if the interfacial tension is balanced by the chain
interactions or the head group interactions.
It is argued that this curvature stress plays an important role in various lipid protein
interactions and signalling events by sensing and changing the amount of stress and thus
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Figure 4.2: Shapes.
modulating the shape of the bilayers. The figure below depicts the packing frustration in
a bilayer.Gruner (1985)
Thus it is possible to understand the final polymorphic form a lipid aggregate can
take if the form of the lateral stress profile is known. Changes in the lateral pressure
is reflected in the spontaneous curvature and the Gaussian curvature values. Therefore
by knowing these values one can understand a preferred phase a lipid organisation can
take given the physical conditions they are subjected to. This approach helps in getting
a better understanding of the lipid polymorphic behaviour without actually calculating
the forces contributing to the free energy of the aggregate but by knowing only the elastic
constants, a measurable quantity. Before describing methods to measure these elastic
parameters, few definitions of various surfaces within a lipid bilayer needs to be defined.
It is essential to know the plane at which the elastic constants are measured as the value
of these quantities varies across the bilayer.
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4.1.1 Neutral surface, Pivotal and Luzzati planes.
The measurement of spontaneous curvature can be done by Osmotic stressing technique.
The elastic properties described above treats lipid bilayers as thin elastic sheets of neg-
ligible thickness. However bilayers have a finite thickness ranging from 4-5A˚. Further,
lipid molecule is composed of hydrophilic head group whose area and volume is largely
unchanged for a given specific physical condition. However the hydrocarbon chain region
is more polymer like and the volume occupied by this region is more sensitive to any
changes in physical conditions. As a result one can see differences in the spontaneous
curvature value across a lipid molecule. It is therefore useful to establish a plane/position
at which the spontaneous curvature is measured. Experiments to measure elastic param-
eters use the concept of neutral surface (Fig.4.3b) where the total area remains constant
during deformation. The position of neutral surface depends on various forces that acts
along a lipid molecule. Later the concept of Gibbs dividing surface was used to describe
the interface. Elastic properties at the interface then had contributions from six different
moduli namely bending, stretching, Gaussian curvature and mixed deformations arising
due these three events. The simplest description of the elastic properties of a monolayer is
the one that can be described by minimum number of parameters namely stretching and
bending. The position at which the mixed deformations do not contribute to the elastic
energy is termed as a neutral surface. In other words, the energy of stretching becomes
independent of energy of bending at this surface.
The other plane at which spontaneous curvature is traditionally measured is called
a pivotal plane (Fig.4.3b). This is defined as a surface at which the total molecular area
remains constant. In other words the volume of the poalr molecule does not change upon
hydration.
All these planes are expressed with refernce to a Gibbs diving surface called Luzzati
plane (Fig.4.3b). This plane is situated at the interface of water and lipid monolayer close
to the headgroup region of a lipid molecule. All these planes can be represented in terms
of each other.
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Much of the Osmotic stressing technique focusses on measuring this plane. The
method to measure spontaneous curvature is described in the next section. We will return
to the discussion on how these interactions in a bilayer can be related to the mechanical
properties with a particular emphasis on its relation to bending modulus.
4.2 Spontaneous Curvature: principle and motivation
Measurement of the spontaneous curvature can be done using X-Ray diffraction and
osmotic stressing techniques. It is postulated that the changes in the curvature energy of
a membrane are important in many processes occurring in the cell. For example, mem-
brane fusion events that take place during endocytosis can have many intermediate forms
that depend on the type of lipid molecule and the effective curvature of the membrane.
Presence of lipids that exhibit negative spontaneous curvature (AA, PE, OA) facilitate
stalk formation during a membrane fusion event. It is believed that proteins and peptides
play a crucial role in changing the spontaneous curvature by changing the composition of
lipids in the vicinity. It is seen that the composition of lipid bilayer in a cellular membrane
is maintained such that it is close to but below the lamellar to hexagonal phase transition
(Chernomordik et al. (1995)) For example, cholesterol is found to destabilise the PE-PC
bilayers and drives them to an inverse HII phase. Osmotic stressing experiments to calcu-
late the spontaneous curvature of these mixed systems reveal that cholesterol on its own
has a relatively large spontaneous radius of curvature. However addition of cholesterol to
pure DOPE or PC bilayers induces curvature in these systems. This is reflected in the
calculated spontaneous curvature values. Pure DOPE has a R0 value of about 28.5A˚ at
22◦C where as addition of cholesterol brings it down to 22.8 A˚. This is more dramatic in
case of addition cholesterol to DOPC where the value changes from 87.3 for pure DOPC
to 22.2 after addition of cholesterol tothe system (Chen and Rand (1997)).
4.2.1 Experimental methods to measure spontaneous curvature
As discussed in the previous section, monolayer elasticity is one of the important forces
that acts in the membrane. Spontaneous curvature represents the minimum energy con-
figuration of the lipid monolayer and any deviations from its minimum energy condition
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(a) Schematic og hexagonal phase (b) Schematic of the hexagonal micelles
defining various diving surfaces
Figure 4.3: Diving surfaces: (a) Plot depicting the effect of increasing in pressure on the bending
rigidity of the vesicles obtained from the fluctuation spectrum.
are stored as curvature elastic energy. Measurement of spontaneous curvature can be
done by releasing some of the packing constraints arising because of the geometry of the
lipid molecules and the presence of hydrophilic and hydrophobic regions that enforces that
the hydrocarbon tail regions are not exposed to the aqueous environment. The stress in
the chain region can be released by the addition of small amount of alkanes to the lipid
mixtures. Alkanes, being hydrophobic, partition into the hydrophobic region of the lipid
molecule, thereby relax the chain region of the lipid molecule. It does so by filling in the
voids that arise because of the hexagonal cylindrical packing of lipids. In the absence of
any alkane, the chain expands to fill out these voids resulting in a more stressed chain
region. Addition of alkane releases this stress by filling out into those voids thereby al-
lowing the lipid molecule to acquire a more relaxed state. This results in increase in the
radius of curvature (decrease in spontaneous curvature) and hence the total free energy
of the system is lowered. In case of lipid mixtures containing lamellar forming as well as
HII forming lipids, a lowering of the free energy causes a decrease in the phase transition
temperature.
The calculation of spontaneous curvature is done by knowing the radius of curvature
of the pivotal plane Rp. The elastic free energy in terms of the pivotal plane is given by
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F =
1
2
κAp
(
1
RP
− 1
R0
)2
(4.10)
where Ap is the area at the pivotal plane (Fig.4.3b).
Earlier experiments performed to calculate the elastic parameters involved explicit
calculation of the position of the pivotal plane with respect to the bilayer mid-plane
(Luzzati plane) using the repeat spacing of HII phase obtained from X-Ray diffraction
methods.
Given the geometry as described in (Fig.4.1 ), the molecular area A, the radius
of curvature R at any dividing durface and the volume V per lipid molecule can all be
expressed in terms of the volume fraction of water(φw) as :
A2 = A2w + 2V
Aw
Rw
(4.11)
A = Aw
√
1 +
1− φw
φw
V
Vl
(4.12)
Where Rw is the radius of water cylinder in a hexagnal phase and is related to the
hexagonal d -spacing (dhex) as:
Rw = dhex
√
2φw
pi
√
3
(4.13)
and the area at the luzzati plane is related to the volume fraction of water φw as
Aw =
2φwVl
(1− φw)Rw (4.14)
and
φw =
Vw
Vw + Vpl + Valkane
(4.15)
Plotting A2w against
Aw
Rw
then determines if the system has a well defined pivotal
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surface if it is linear. The slope and intercept of the plot then gives the position (Vp) and
the area of the pivotal surface. The radius of the pivotal surface Rp is then calculated by
substituting the value of Vp in the above equation.
The value of Rp is used in (Eq.4.2.1) to measure the elastic parameters namely
spontaneous curvature and bending rigidity by performing osmotic stressing experiments.
In this method the sample is let to equilibrate with the polymer of known osmotic pressure.
During equilibration process water is squeezed out of the sample thereby leading to more
ordering in the sample. By knowing the applied pressure one can calculate the amount
of work done in dehydrating the sample. This can be compared to the elastic energy of
deformation to calculate the elastic parameters.
There are three different ways of stressing the sample. The traditional method
involves the use of polymer solution of known osmotic pressure to measure the amount
of work done in equilibrating the sample. Since this method used polymers to stress the
sample, there is a possibility of contaminating the sample. In addition the equilibration
times are very long compared to the other two techniques. The second method is involves
the use of piston to squeeze water out of the sample through a semi-permeable membrane.
This method is useful in relatively higher pressure (100s of bar) but has the disadvantage of
the use of mechanical pistons which can be dangerous. Lastly vapour pressure technique
can be used to apply osmotic stress to the sample. This method involves the use of
saturated salt solutions of known vapour pressures to apply osmotic stress to the sample.
This method is least reliable of the techniques since the number of variables during the
experiment are many.
Once the equilibration pressure is known, knowing the radius of pivotal plane, the
plot of ΠR2p versus 1/Rp gives the values of the spontaneous curvature( intercept) as well
as the bending rigidity (slope) of the sample.
In the present work, We have used the method presented by (Alley. (2007) page 52)
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to measure the spontaneous curvature of the samples. The bending rigidity measurement
are performed by fluctuation analysis technique the development and application of which
are described in the following chapters.
The method that we adopt is described as follows. The radius of curvature of the
bilayer mid-plane, spontaneous curvature and the pivotal plane are related as:
Rm + Rp = R0 (4.16)
Further,
cm =
1
Rm
=
2
a
=
√
3
dhex
(4.17)
Knowing Rm and Rp spontaneous curvature can be calculated. Here we have fixed
the position of the pivotal plane as argued (Alley. (2007),Page 52). It is shown that, for the
lipid systems used here, the position of pivotal plane lies at a distance of 0.9nm from the
bilayer mid-plane. This position is the position where the third carbon of the hydrocarbon
chain sits.
As mentioned earlier, the radius of the bilayer mid-plane is related to the repeat
spacing of the hexagonal lattice. To calculate this, first the membrane is brought to its
most relaxed state by addition of alkane. The repeat spacing is calculated at various
amounts of alkane concentration in a fully hydrated sample. The d-spacing that corre-
sponds to the concentration of the alkane where any further addition of alkane does not
change the repeat spacing value is then used to calculate the bilayer mid-plane. Constant
repeat spacing reflects the fact the the alkane has released al the chain stress and the
monolayer is acquired its most relaxed configuration.
4.2.2 Sample preparation
Lipids were mixed in the ratio of 70:30 (DOPE:DOPC mol%) in chloroform and left to dry.
The samples were then placed in the vacuum dessicator to remove any residual chloroform
from the samples. Varying amounts (2, 4, 8, 10, 14, 16, 20% of the total amount of lipid in
the mixture) of alkane tetradecane was added to each vial containing these lipid mixtures.
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The samples were then left to equilibrate for at least 72hours. 65% by weight of the total
lipid+alkane of water is added to the lipid and alkane mixture. The sample is left to
equilibrate for at least 72 hours. X-Ray diffraction images were then taken for each of
these compositions at 25◦C to measure the repeat spacing of the samples.
Tetradecane, DOPE and DOPC were purchased from Sigma-Aldrich. All the sam-
ples were kept in cool place and were covered with foil to avoid photo damage. The samples
were later tested for degradation using HPLC. No radiation damage of the sample was
observed.
4.2.3 Experimental set up
Figure 4.4: Experimental setup:Bede beamline setup used to measure the spontaneous curvature of
DOPE:DOPC system.
X-Ray diffraction measurements were taken on the Bede microsource (Bede, UK) X-
Ray beamline. The schematic of the setup is shown in Fig.4.6. The generator is a rotating
copper anode generator that produces X-Rays of wavelength 1.38 A˚ corresponding to Kβ
radiation and 1.54 A˚ corresponding to kα. The energy of X-Ray here is about 8KeV and
are produced at 40KV and 2mA. Kβ radiations are blocked by using nickel filters. The
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Kβ radiation are passed through a polycapillary optics system that focuses the beam into
a spot of less than 10µm in diameter. The focussed beam falls on the sample placed in a
capillary tube of about 1.5mm in diameter. The capillary holder itself is a temperature
controlled unit that can regulate the temperature of the sample from as low as −20◦C upto
a recommended 80◦C. The capillary holder is heated with the help of peltier heaters. The
sink of the system is a water circulating jacket. A PT100 sensor is used as a temperature
read out probe. The communication between these components is done via a scorpion
controller which is run using LabVIEW. The sample chamber itself rests on two translation
stages that are stacked one above the other. These stages help in aligning the sample on
the beam path. The diffracted image is then captured by a intensified CCD camera. The
pixel size on CCD sensor is 6.7x6.7µm square, and the effective pixel size at input after
taper magnification is approximately 45x45µm square. The detector has on-chip binning
and is capable of acquisitions of a rate of up to 12 full frames per second. The detector is
cooled to minimise CCD dark current and electronic noise. Flight tubes of varying lengths
can be placed between the sample and the detector to help in capturing diffraction patterns
at various resolutions. For all the experiments mentioned here, reflections at small angle
are captured. The flight tube inserted between the sample and detector is such that the
sample to detector distance was about 310mm. Bragg peaks ranging from 16 -150A˚ can be
resolved with this configuration. Finally, all the components are connected via interlocks
to make the system safe to use.
4.2.4 Choice of Lipids
Using these methodologies we have calculated the spontaneous curvature of pure DOPE
and 70:30 (DOPE:DOPC) systems. While this work has been reported in literature, one
of the key ideas was to establish the validity of various techniques developed within this
thesis to measure elastic parameters. Measurement of the spontaneous curvature, bending
rigidity and the phase behaviour using X-Ray diffraction of various lipid compositions
will help in understanding the role of mechanical properties in membrane protein function
more quantitatively. This will help in better modelling of lipid protein interactions.
DOPE is a non-bilayer forming lipid. It exhibits HII phase behaviour on its own.
Addition of small amounts of a bilayer forming lipid such as DOPC increases the phase
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transition temperature dramatically indicating that bilayer forming lipids increase the
radius of curvature considerably. Keeping with the overall theme of the project that
concerns the study of non-bilayer lipids (with lipids forming HII as being the main subject
of interest) and their role in protein function we have chosen DOPE (a non-bilayer forming
lipid) and DOPC (a bilayer forming lipid). Throughout this thesis, all the techniques
developed and described will be used to extract the membrane parameters for this system
where the concentration of DOPE lipid is kept high.
4.3 Results and Discussion
4.3.1 Pure DOPE System: comparison with literature
The spontaneous curvature of pure DOPE in tetradecane calculated using the above de-
scribed method is found to be −1/2.94nm−1. All samples used here showed the hexagonal
phase which is characterised by repeat spacing in the ratio of 1, 1/
√
3, 1/
√
4, 1/
√
7 etc.
DOPE has a negative curvature. The value obtained here is slightly higher than the value
presented in literature (?). It is possible that the amount of alkane at which the bilayer
is completely relaxed is slightly higher than obtained in these experiments.
We do not see any difference in the trends obtained for DOPE in tetradecane under
excess water conditions in comparison with the values obtained by other groups in the
past. The repeat spacing of DOPE does not change appreciably by adding tetradecane (a
variation of about 3A˚ is observed between the lowest amount of alkane 4% by wt and 16%
by wt).This indicates the fact that DOPE in excess water is in a relaxed state thereby
keeping the elastic free energy to a minimum. Fixing the pivotal plane therefore can be
used to calculate the elastic parameters for DOPE in excess water. Calculation of the
bending modulus along with the measurement of spontaneous curvature will give a better
understanding of the total elastic energy changes in a lipid membrane with respect to
changes in the composition. In the next chapter the development of fluctuation analysis
technique to measure the bending modulus of lipid membrane is discussed. While this
parameter can also be calculated by X-Ray diffraction, the technique requires explicit
calculation of the pivotal plane by the osmotic stressing method. This method is a well-
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(a) Effect of addition of alkane on the d-spacing of
pure DOPE sample
(b) Effect of addition of alkane to the d-spacing of
a binary system of DOPE, DOPC lipids at 70:30
(mol)
Figure 4.5: Effect of tetradecane on the d-spacing: Plots depict the effect of addition of tetradecane
to lipid systems. Addition of tetradecane increases the chain volume thereby driving the membrane to
acquire their spontaneous curvature. Once the bilayer acquires its preferred curvature, the d-spacing
doesnt change any more. Knowing the d-spacing at the critical concentration can be used to calculate the
spontaneous curvature of the bilayer.
established method but often requires an osmotic stressing agent such as PEG. Therefore
the sample is not isolated and the values thus obtained may be influenced by the presence
of polymers. Fluctuation analysis however is a non-invasive technique that can be used
to measure the bending elastic modulus. The only constraint in using fluctuation analysis
is the fact that the lipid should form giant unilamellar vesicles. DOPE does not form
GUVs at room temperature and hence measurement of the bending elastic modulus for
pure DOPE system has not been performed.
4.3.2 7:3 DOPE:DOPC
The spontaneous curvature of DOPE mixed with DOPC in the ratio of 7:3(mol%) and
tetradecane is −1/3.84nm−1 and the excess td point is around 8.07%. This composition
forms the lamellar phase for a wide range of temperatures. This is because the chain
stretching energy to fill in the voids is very high. Addition of PC to PE causes an increase
in the spontaneous curvature which can only be achieved by stretching the acyl chains to
lengths that costs energy. The chain region is in s stressed state. Addition of alkane relaxes
this stress and reduces this energy cost by forcing the lipids to curve into HII phase. This
can be explained based on the shape parameter. Addition of alkane near the chain region
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causes an increase in the hydrocarbon volume. The head group region therefore becomes
relatively smaller and hence competes with the available water. The chain region splays
whereas the area of the headgroup becomes smaller. This causes a decrease in the value
of shape parameter thereby favouring the formation of hexagonal phase. The calculation
of the shape parameter for a binary system such as this has been done and it is seen that
the total volume and the areas are additive. That is, one can add the volume changes
in DOPC and DOPE molecules to get the shape parameter of the mixed system (Marsh
(1996)).
The spontaneous curvature value for this composition is in the range as the values
reported in literature where the composition was 75:25 DOPE:DOPC. The measured value
was 1/3.78nm−1 (Gruner et al. (1986)). The value reported was measured for 75:25 (mol%)
composition of DOPE:DOPC. The radius of curvature for the 70:30 mixture as reported
here is larger than the one obtained for the 75:25 mixture. This is consistent with the
prediction that the addition of DOPC tends to increase the radius of curvature of the
system (Rand et al. (1990)).
Figure 4.6: Spontaneous curvature of non-lamellar lipids:Plot showing the variation of the spon-
taneous curvature of DOPE,DOPC membranes as a function of increasing DOPE content and conparision
with literature.
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4.4 Summary
Spontaneous curvature values measured using tetradecane and X-Ray diffraction
methods are consistent with the values obtained by other groups in the past. Fixing the
position of pivotal plane did not show significant variation in the values obtained here
compared to the explicit calculation of pivotal pane using osmotic stressing technique.
The addition of alkane did not appreciably change the radius of curvature of pure DOPE
in excess water whereas the addition of DOPC and tetradecane to DOPE significantly
increased the radius of curvature, as expected from shape parameter arguments.
The experiment is an illustrative experiment that shows the potential application
of the multi-capillary sample chamber to calculate the elastic parameters for various lipid
systems. A database of the elastic parameters along with phase behaviour studies will
help in understanding the mechanism of phase transitions as well as the role of measured
elastic parameters on protein function.
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This chapter discusses the effect of hydrostatic pressure on lipid mixtures of DOPE and
DOPC. Lipid membranes can self-assemble and have long range order. This can be per-
turbed by the changes in the thermodynamic parameters such as temperature, hydration
and pressure. This chapter discusses the effect of pressure on these lipid systems.
5.1 Phase transitions under hydrostatic pressure: Overview
Lipids exhibit rich polymorphic behaviour in water. They can go from one structural
arrangement to another when their physical environment is changed (Winter et al. (1998)).
Some factors that bring about these transitions are temperature, pressure, hydration,
chemical composition, ion composition and membrane protein (Gruner and Cullis (1985)).
Study of these structural transitions is important to understand various biological events.
(Chap.1).
In vitro studies on fusion peptides reveal that these peptides can change the lamellar
to hexagonal phase transition temperature in a PC/PE lipid mixture. At a certain pH(5)
it induces cubic phases in this lipid system. In particular, peptides seem to lower the
phase transition temperature and induction of cubic phases. Based on the experimental
results it was proposed that peptides promote negative curvature and that the cubic phases
facilitate formation of stalk.(Colotto and Epand (1997)). In a recent MD simulation, it
is found to have an opposite effect. Peptides seem to induce positive curvature and a
plausible role of these peptides was identified as to be related to the stabilization of stalk-
pore intermediates during membrane fusion. (Fuhrmans and Marrink (2012)) Although
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the effect of peptide in these experiments has been identified differently but it is apparent
that they influence membrane organisation. It also indicates that certain lipid organisation
either induced by a combination of pH and fusogenic peptides or other means are vital for
cellular function, in this example the fusion event.
Presence of cations influence the polymorphic phase lipid mixtures can adopt. Ex-
periments show that although anionic and cationic lipids separately exhibit lamellar phases,
mixtures of them adopt inverse hexagonal phases. Formation of cationic-anionic lipid pairs
reduces the monolayer curvature and water molecules associated with the counter ions
there by reducing hydration and driving the formation of non-bilayer structures. It is ob-
served that these properties of ions play an important role in transfection and intracellular
delivery.(Hafez and Cullis (2001))
Effect of hydrostatic pressure on lipid membranes has been studied by various labs
over the years. Study of membrane phase behaviour under pressure gives useful informa-
tion about adaptations of deep sea organisms to high pressure environments (Macdonald
(1984). One of the significant application of pressure is in food industry. It is found
that application of hydrostatic pressure causes inactivation of growth of micro-organisms.
Pressure is known to increase molecular order and viscosity of membranes which affects
certain membrane associated functions (Chong (1988)).
In this chapter the effect of pressure on lipid mixtures of DOPC/DOPE is explored.
Study of the effect of pressure at constant temperature allows one to understand the
effect of changes in the volume on lipid phase behaviour. Temperature variation gives
valuable information about the system’s thermodynamic properties but they often change
the volume of the system (Winter (2001)). Apart from being an interesting thermodynamic
problem in itself, study of the effect of hydrostatic pressure on lipid systems has few
advantages. First, pressure wave travels with the speed of sound thereby promoting a
quick equilibration time for the sample. This helps in understanding the evolution of
structural organisation in a lipid system without accounting for the changes in the physical
conditions of the sample (Brooks et al. (2011)).
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Although there is no generalised theory that explains lipid phase transitions, a qual-
itative understanding can be obtained by taking into consideration the hydrophobic effect
and the overall geometry of the lipid molecule. For example, the presence of cis-double
bonds drives the system to a non-lamellar phase. This is because double bonds increases
chain splay, thereby increasing the cross-sectional area. The overall shape attained by the
lipid molecule is conical which prefers a non-lamellar phase. An increase in temperature
also causes a similar effect and hence promotes non-lamellar phase transitions. On the
other hand, increase in the head group area increases the transition temperature as the
overall shape of a non-lamellar lipid such as DOPE acquires a more cylindrical configura-
tion. The amount of hydration also dictates the phase of the lipid system.
Under limited hydration conditions, the system prefers a non-lamellar phase. Studies
on lamellar to cubic transitions under limited hydration suggests that the coexistence
region is shifted to a lower temperature. This indicates that the formation of non-lamellar
phase occurs earlier as opposed to excess water situation. Water is found to play a crucial
role in stabilizing cubic phases. (Lendermann and Winter (2003); Tang et al. (2012);
Squires et al. (2002)).
5.2 Pressure Effects: Principle and motivation
5.2.1 Pressure induced phase transitions: Overview
Early experiments using X-ray diffraction and pressure as a thermodynamic variable
to probe lipid self-assembly and phase transitions were performed by Stamatoff (Stamatoff
et al. (1978)) on DOPC lipid membranes. It was one of the first experiments that explored
the gel-liquid crystalline phase transitions on DOPC membranes using pressure. Later ex-
periments on single component DMPC in excess water systems showed that there is no
appreciable change in the volume at the gel to liquid crystalline transition. Furthermore, it
was also observed that pressure can induce new phase transitions (Braganza and Worces-
ter (1986); Prasad and Shashidhar (1987); Shearman et al. (2011)). Studies on many
lipids that form lamellar phases in water show that they exhibit trends as expected from
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the Clausius-Clapeyron equation (dTdp =
T∆V
∆H )
1 while going through gel-fluid transition
(Winter (2001) and references there in). The p-T diagram of these systems exhibits a pos-
itive slope, which can be explained by the change in the enthalpy and an increase in the
volume. These results also prove that pressure and temperature have opposing effects on
lipid phase behaviour. An increase in temperature increases chain splay whereas increase
in pressure causes a more dense packing of lipids.
Figure 5.1: Various mesophases acquired by lipids with changes in temperature and pressure.
This is however not true for all lipid systems, especially for non-lamellar lipids. A
great deal of work is done on the pressure effects on non-lamellar phases such as hexagonal
and cubic (Czeslik et al. (1995)). DOPE in excess water shows a lamellar to hexagonal
phase transition. Application of pressure to this system causes an increase in Lα-HII phase
transition temperature. This system is highly sensitive to the changes in the pressure
1where ∆H is the Enthalpy change, ∆V is the volume change ,p is the pressure and T is the temperature
of the system.
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(a slope of dT/dp ≈ 40◦C/kbar is observed) (Winter (2001)). Furthermore, at higher
pressures (greater than 500bar) the system exhibits cubic phases, which are not observed
in their respective thermotropic studies. These observations can be qualitatively explained
based on the changes in the critical packing parameter (v0/a0l)
2 value brought about
by the application of pressure. Assuming that the head group area remains the same
upon compression, an increase in pressure decreases the overall volume of the lipid by
compressing and stretching the lipid chain region thereby decreasing the critical packing
parameter. In water studies on homologue s of DOPE containing different chain lengths
reveal that these system respond differently to the application of pressure. Whereas C14
PE shows intermediate cubic phases with an increase in pressure, the effect is quite the
opposite in case of C16 PE lipids. In the latter case an increase in pressure destabilizes the
inverse micellar cubic phase (Duesing et al. (1997a)). It was shown that variation in the
chain length brings changes in the overall volume occupied by the lipid. The formation
of discontinuous phases such as HII can be explained by taking into account the packing
limitations in addition to the packing parameter (Shearman et al. (2006)). Thus the shape
parameter is more sensitive to pressure(Duesing et al. (1997b)).
Significant studies have been carried out on various lipid mixtures of saturated phos-
phocholine lipids that exhibit lamellar gel phases at high pressures, glycolipids (Yaghmur
et al. (2010)) which goes through a series of phase transitions including the formation
of Fd3m phase, fatty acids such as lauric acid, myristic acid or stearic acid (Winter
(2001)) and cholesterol (Winter and Jeworrek (2009)). Addition of fatty acids to PC
lipids causes the system to attain an inverse hexagonal phase above chain melting tran-
sitions. In some cases, stable cubic phases are found over limited temperature ranges
(for example: DLPC-LA). A study of pressure effects on cholesterol-based lipid systems
(DPPC-Cholesterol mixtures for ex) show that sterols regulate the motional freedom as
well as hydrophobicity of lipid membranes (Reis et al. (1996)).
5.2.2 Motivation
In this chapter, the effect of hydrostatic pressure on the formation of non-lamellar
2ref chapter 1 for a detailed description of CPP and the preferred packing geometry of lipids
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phases is studied. Pure DOPC lipids are mixed with varying quantities of DOPE lipid
and are subjected to pressure. Two physical conditions are chosen to investigate the ap-
pearance of the non-lamellar hexagonal phase in these mixtures. First, two compositions
with 70 mol% and 80 mol% of DOPE in DOPC lipid mixtures are chosen. As the pre-
vious chapter discusses the effect of non-lamellar lipids on the spontaneous curvature of
membranes, the same composition was chosen to explore their thermodynamic behaviour
under pressure. The variation in the amount of DOPE (non-lamellar forming lipids) should
change the phase transition temperature. Second, two conditions are investigated: one
where the system is in excess hydration and the other in limited hydration. Less hydrated
headgroups (smaller head group volume) will prefer a more conical shape and hence should
decrease the lamellar to non-lamellar phase transition temperature. Based on the argu-
ment presented in the previous paragraphs (Fig.5.1) the application of pressure should
increase the phase transition temperature.
These studies are performed purely to understand the thermodynamics of the se-
lected lipid systems with pressure being the variable. Nevertheless, some of the interesting
observations are presented in this chapter that can be predicted by taking the packing pa-
rameter into account.
5.3 Experimental Methods
Sample preparation for these studies is same as described in the previous chapter
(Sec.4.2.2, 107). The difference lies in the sample holder that is designed to be used
along with the pressure cell. The following sections go through various aspects of the
experimental set up.
5.3.1 Sample preparation
DOPE and DOPC mixtures with compositions 7:3(mol%) of DOPE:DOPC and 8:2(mol%)
DOPE:DOPC3 were prepared as described in (Sec.4.2.2, 107). Two sets of samples for
each composition were made at different hydration. One set had 37 wt% water. The other
3All samples are bought from the same source(SIGMA) as described in the previous chapter unless
mentioned
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set had 70 wt% water. Equilibration plots show that both compositions and hydration
levels are in excess.
Samples were loaded on a Teflon spacer. Fig.5.2 shows details of the sample holder.
A Mylar window was first stuck on one side of the sample holder in order to create a well.
Samples were then loaded into the well. It was sealed with a second Mylar window on top.
This sample was loaded on the carrier. The carrier was then placed in the pressure cell
for X-ray diffraction measurements. This method was same for the two different pressure
cells used for this study.
Mylar  window
Adhesive
Adhesive
Mylar  window
Plastic spacer
Sample
Figure 5.2: Sample holder for loading sample in a pressure cell
5.3.2 Experimental set up and facilities used
All the pressure studies were performed at two synchrotron facilities ESRF (Grenoble,
France) and Diamond Light Source (UK). Synchrotron facilities have the advantage of
providing a highly focussed beam, high spatial resolution and high flux. These properties
make it extremely versatile and useful to perform experiments under various operating
conditions. Tunable X-Ray energy and high flux enable studies in real time without com-
promising with the optimal spatial resolution that can be recorded. These properties are
useful for performing high pressure experiments because the pressure cell usually consists
of diamond windows that can attenuate X-Rays considerably on a lab based system.
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A synchrotron is a particle accelerator in which the accelerated particle is held in
a circular path by means of magnetic fields whose strength is constantly adjusted to the
increasing energy of the particles (Fig.5.3). Electrons produced by an electron gun are
accelerated by a linear accelerator to a high relativistic energy. These are then fed to a
small synchrotron ring called a booster ring to further increase the energy of electrons.
When the electrons have enough energy to produce light, they are transferred from the
booster ring to a storage ring. The storage ring consists of magnets that maintain the
circular orbit of the electron beams. Each time electrons are deflected by the magnet they
produce photons. These are then channelled to the beam-lines where type of radiation is
selected and focussed to perform experiments.
Linear accelerator
Booster ring
Storage ring
Beamlines
ElectronGun
Figure 5.3: Schematic of a typical synchrotron facility.
I22: Diamond Light Source
Fig.5.4 shows the beamline used at the Diamond Light Source for carrying out the experi-
ments. Electrons from the storage ring get reflected from the undulator, which produces a
highly collimated beam. This beam is then focussed with the help of a series of guard slits
and mirrors. First the radiation falls on a double crystal monochromator after passing
through primary slits. It then falls on a pair of KB Mirrors which focus the beam further.
The beam size at the sample is 320(H) X 250(V)µm with a flux of 6x1012 in 352x136µm
at an energy of 12.4 KeV at 300mA. 4
4All information about the beamline is collected from http://www.diamond.ac.uk/Home/Beamlines/
small-angle/I22/specs.html
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fixed exit
24m
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M1 26.78m
M2 2.25m
Slits
28.7m
Slits
46m Slits
47m
Sample
47-48m
WAX Detector
SAX Detector
58m max
Figure 5.4: I22Beamline: Schematic of I22 Beam-line at Diamond Light Source, Harwell,
UK used for the pressure studies
Images are captured with the help of two detectors. One of the detectors collects
small-angle diffraction (Pilatus 2M that collects a 2D image) whereas the other collects
wide-angle diffraction images (HOTWAX that collects 1D image). There is a fast shutter
that is useful to collect images
Data Analysis and conversion
Images collected from these detectors are first converted to raw images using Imagej
(Appendix. A.2). These images are then read using the LABVIEW program (Section.3.3.2,
81) for further analysis.
ID02:ESRF
The second facility used for pressure experiments is the European Synchrotron Research
Facility, Granoble, France. The layout of the beamline is shown in (Fig.5.5). Electrons
from the storage ring are channelled to the beamline using an undulator. The beam then
passes through a channel cut monochromator that is cooled using nitrogen. It is collimated
using collimating slits and then passes through a toroidal mirror which finally focusses the
beam at the sample.
The focussed beam is about 400x200µm with a photon flux of 4x1013 photons per
second at an energy of 12.5 KeV at 100mA at a distance of 57m. A pinhole camera
is used to capture images. For capturing small angle diffraction images, a CCD detector
(FReLoN) based Kodak KAF-4320 sensor is used. For capturing Wide angle diffraction an
AVIEX PCCD-4284 detector is used. The SAX WAX data collected from ESRF presented
here were taken with the energy of the source being approximately 0.1nm at an energy of
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Figure 5.5: ID02 Beamline: Schematic of the ID02 beam-line at ESRF, Granoble, France
used for pressure studies on lipids.
17KeV. 5
Pressure cells
The next set of instruments used to carry out pressure experiments is that of pressure
cells. Two pressure cells stationed at ID02, ESRF and I22, Diamond respectively were
used. Pressure cells are tools to generate pressure and pressure jumps. This can be built
in various ways using different principles. Some of the methods include: high pressure
pump and network, piezo-electric piston and burst diaphragms (Brooks et al. (2011)).The
pressure cell used in this study generates pressure by a pressure pump and network method.
Here, a high pressure pump is used to pressurise a fluid and pressure is then transferred to
the sample via a hydraulic network. Pressure is generated using a piston that can either
be manually or motor driven. Pressure jumps can be performed by isolating the sample
cell from a high pressure reservoir using a high speed automated valve whereby opening
this valve causes pressure jump.
Pressure cell at I22,Diamond
The pressure cell stationed at I22, Diamond, UK has a pressure range of 0.1-500 Mpa
and a temperature range of -20◦C to 120◦C. Fig.5.6 shows the cross sectional view of the
pressure cell. It consists of two perpendicular bores, one of which is along the direction
of the incoming X-Ray beam and the other on the top. The bore along the direction of
the X-Ray beam is sealed at both ends by X-Ray windows. The bore on top of the cell is
used to load samples. The cell is connected to the pressure network via another bore that
runs perpendicular to the X-Ray window and the sample loading site.
5All information about ID02 beam-line at ESRF is collected from http://www.esrf.eu/
UsersAndScience/Experiments/SoftMatter/ID02/BeamlineLayout
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Figure 5.6: Pressure cell Cross section: Cross section of the pressure cell at I22,Diamond,UK.
One of the requirements of a pressure cell is the fact that there must be a provision
to allow X-Ray to pass through the cell and fall on the sample enclosed by it. Furthermore,
this provision must be sealed and should be able to withstand high pressures. A set of
diamond windows that encloses the sample, one at the front end and the other at the
exit, is used. These windows can with stand pressures up to 700 MPa. These windows
transmit about 62% of X-Rays with energy of 17 KeV(0.7A˚ ).This is adequate to perform
experiments at synchrotron sources. A series of different types of seals are used to ensure
pressure stability over a period of time.
A pressure network consisting of a series of valves, pneumatic actuators and reser-
voirs allows pressure generation and control remotely by the user. Pressure in the high
pressure network is monitored at three points and the temperature of the cell is monitored
using a four wire PT100 sensor. The position of the high pressure generator is monitored
using a resistive transducer.
Finally a GUI written in LabVIEW provides the software control of the setup. It
is used to do all the pressure control, generation, temperature read out, setting pressure
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jumps, capturing images and any communication required between the user, the hardware
components of the cell and the beamline (Fig.5.7).
Pressure 1 Pressure 2 Pressure 3
Pump position
23.4
5004 Bar Bar Bar5007 5004
Temperature
24.95
Valve4 (M)
Valve 6
Valve 5
Reservoir
Valve 2 (M) Valve 1
Valve 3
%
°C
Figure 5.7: GUI for pressure control and set-up:Front panel of the GUI available for pressure
control and generation.
Pressure cell at ID02, ESRF
The pressure cell at the ESRF is similar to the one at the Diamond Light source. The
pressure jumps can be performed between 1MPa-0.7GPa. The window opening towards
the X-Ray is about 16◦C which provides the scattering angle of 8◦C to be captured by the
detector.Fig.5.8 shows the front view of the pressure cell. The principles of working of
both the cells are similar. The pressure generation is however done manually (Woenckhaus
and Ko¨hling (2000)).
Since both the pressure cells generates pressure using the same mechanism a schematic
of the pressure network for ESRF is presented to give a overall principle of operation.
5.3.3 Choice of lipid System
DOPC and DOPE lipids were used to perform pressure experiments. The interest in
choosing this lipid mixture is to explore the lamellar to non-lamellar phase transition under
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Figure 5.8:
Pressure cell used at ESRF: Drawing of the pressure cell used at ESRF
pressure. Two lipid mixtures with ratios of 7:3(DOPE:DOPC) and 8:2(DOPE:DOPC) are
discussed. As described in (Sec. Presssure Induced Phase Transitions , 116) purely
from geometric considerations one would expect that the addition of lamellar forming
DOPC lipids to non-lamellar DOPE system will increase the transition temperature as
the former increases the average head group area in a bilayer. On the other hand, an
increase in pressure will cause a decrease in the average chain area there by increasing the
phase transition temperature.
Theoretical considerations towards understanding these phase transitions have been
attempted by many authors. Mean field theory is one of the most widely used concepts
for understanding the phase behaviour of lipid systems. It is hoped that some theoret-
ical estimates can be extended to the phase behaviour studies under pressure. Towards
this, one of the simplest binary systems to exhibit a non-lamellar phase transition is the
DOPE/DOPC system. These reasons, together with the knowledge of role of non-lamellar
phase forming lipids in lipid-protein function and other cellular processes such as mem-
brane fusion events, motivated us to choose these lipid mixtures.
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(a) P-T phase diagram of pure DOPE (b) P-T phase diagram of pure DOPC
Figure 5.9: P-T phase diagram. Plots reproduced from literature depicting the effect of pressure on
pure lipid systems. (a) Winter and Jeworrek (2009)
5.4 Results and Discussion
We studied the effect of pressure on mixed DOPE:DOPC systems at two different
lipid compositions. In both cases, the amount of DOPE is higher and the ratios are 80:20
and 70:30 respectively. All the data presented here correspond to excess water conditions,
with the amount of water added being 65% by weight.
The effect of pressure on the phase transition of pure DOPC shows that DOPC
undergoes only Lβ − Lα transitions (Fig.5.9b). This phase transition temperature in-
creases linearly with pressure and the slope of the transition temperature was found to
be 0.233K/MPa. On the other hand, pure DOPE in excess water exhibits Lα −HII in
addition to Lβ − Lα transitions.
As the pressure is increased at constant temperature, the chain splay is reduced,
which promotes the formation of Lα. For pure DOPE lipids, the transition temperature
also increases with an increase in pressure. The slope of the transition temperature is
around 313.15K/100MPa or 40◦C/kbar. This indicates that the DOPE system is sensitive
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(a) P-T of 80:20 lipid system (b) P-T of 70:30 lipid system
Figure 5.10: P-T phase diagram of DOPE:DOPC: (a) Shows the P-T behaviour of 80:20(PE:PC)
system. (b) P-T behaviour in 70:30 PE:PC lipid mixtures. The slopes of the phase boundary are clearly
different.
to pressure. This can be understood from the shape parameter discussed in the previous
section. It is observed that the head group area remains constant under the application
of pressure. Thus, as the pressure increases, the lipid chain length also increases which
is reflected directly by the spontaneous curvature. PE lipids with unsaturated chains are
more sensitive to pressure compared to PE lipids with saturated chains. For some PE lipids
such as DPPE one can observe cubic intermediates at high pressure. This is seen between
the lamellar and inverse hexagonal transitions. It is argued that at high pressure, the
cubic intermediates have comparatively lower free energy compared with chain stretching.
5.4.1 Excess water
Here, the effect of hydrostatic pressure on lipid mixtures with varying compositions of
DOPE and DOPC is studied. Fig.5.10 shows the results obtained from experiments per-
formed at the ESRF synchrotron source. The rate of change of the transition temperature
with pressure is linear for both 80:20(PE:PC) and 70:30(bar)(PE:PC) systems. The rate
(∆T/∆P) of change in the case of 80:20(PE:PC) is around 45◦C/Kbar whereas the rate of
change of the transition temperature in the case of 70:30(PE:PC) composition is around
7.4◦C/Kbar. This change is expected from the composition of the lipid mixtures. In the
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case of 80:20(PE:PC), the presence of high amounts of PE lipid causes a very sensitive
pressure/temperature transition boundary. This is similar to the case of the pure DOPE
system where the chain region of the lipid is found to be extremely sensitive to pressure
changes. The head group region in these lipids has been observed to be constant. On
the other hand, 70:30(PE:PC) shows less sensitivity to the changes in the pressure to the
transition boundary. This could be because the 70:30(PE:PC) lipid mixture has a higher
concentration of the PC lipid compared to the 80:20(PE:PC) composition. PC lipids form
lamellar phases in a wide range of temperatures and pressures. The presence of higher
amounts of DOPC lipid thus relaxes some of the stresses experienced by the chain region
of the DOPE lipid thereby making it less sensitive to pressure changes. At higher pressure,
it is possible that the bending rigidity of the membrane would have also have increased
considerably.
Towards the end of these experiments, highly swollen cubic phases were observed;
however, the exact phase of could not be identified. It could be possible that the diffraction
pattern could be coming from the diamond windows. The other reason could be that the
sample had suffered some radiation damage. The latter was ruled out subsequently after
looking at the HPLC results on these mixtures.
Studies like these will help in understanding the role of non-bilayer lipids in vari-
ous deep sea organisms where the membrane is found to have a different composition as
opposed to the compositions found in terrestrial organisms.
Next, we look at the rate of change in the d-spacing of the hexagonal phase as a
result of different pressure ranges. In both of the mixtures, the d-spacing of the hexagonal
phase seems to be linearly increasing with pressure. The temperatures at which these
observations are recorded were the transition temperatures at atmospheric pressure. This
could be explained by the opposing effects of pressure and temperature on self-assembled
systems. The increase in temperature causes more splay in the chain region thereby
increasing the tendency of each lipid molecule to bend towards the aqueous region. This
causes an increase in the interfacial curvature. Since the d-spacing and the curvature are
129
Results and Discussion Presssure Induced Phase Transitions
(a) Variation of D-spacing with increasing in pres-
sure for 80:20 PE:PC system at 55 ◦C
(b) Variation of D-spacing with increasing in pres-
sure for 70:30 PE:PC system
Figure 5.11: Effect of pressure on D-spacing: Plots showing the variation of d-spacing of the
hexagonal phase with increasing pressure
inversely related to each other, an increase in the interfacial curvature can be seen as
a decrease in the d-spacing of the curved interfaces. On the other hand, an increase in
pressure causes more ordering of the chain region. As a result, the lipid bends towards
the hydrophobic region causing a decrease in the interfacial region. This is reflected as an
increase in the d-spacing of the curved interfaces. In the case of the 80:20(PE:PC) lipid
mixture, the rate of change of d-spacing with pressure for a pressure range of 0-900 bar is
found to be around 2.68A˚/Kbar whereas the 70:30(PE:PC) lipid mixture shows a relatively
faster rate of change of the hexagonal phase, with the slope found to be 19.1A˚/Kbar. This
observation can also be explained on the basis of the composition of the lipids. Lipid
mixtures having a higher concentration of the non-bilayer lipid PE show a slower rate of
increase in the d-spacing indicating that membranes are more rigid because of the presence
of higher amounts of non-bilayer forming lipids. On the other hand, the d-spacing in the
case of 70:30(PE:PC) system is found to be varying much faster. This is because the
curvature elastic energy is relatively smaller than the 80:20 system, which is attributed to
the higher concentration of the bilayer forming DOPC lipid. In fact, this is even observed
in the bending rigidity calculations described in chapter using the fluctuation analysis
technique. The rate of change of the hexagonal phase in the downward pressure scan
(900-0 bar) is found to be similar indicating that the pressure effects are reversible.
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(a) Variation of D-spacing with increasing in pres-
sure for 70:30 pe:pc system
(b) Variation of D-spacing with increasing in pres-
sure for 80:20 pe:pc system
Figure 5.12: Effect of pressure on D-spacing: Plots showing the variation of d-spacing of te hexagonal
phase with increasing pressure.
Finally, similar results were obtained when the range of pressure is increased from
900 to 1200 bar. The rate of change of the d-spacing in this case is given by 1.6A˚/Kbar for
the 80:20 (PE:PC) system and about 27A˚/Kbar in case of the 70:30(PE:PC) system. While
the values are very close to those values obtained for 0-900-0 pressure system described in
the previous paragraph, the value in case of 70:30 (PE:PC) is higher than the rate found
for the 0-900bar pressure range. This is expected because the higher the pressure, the
higher the ordering of lipid molecules and hence resulting in an increase in the d-spacing
value. However, in the case of the 80:20(PE:PC) system, the value of the rate of change of
d-spacing with pressure is smaller compared to the 0-900 bar pressure scan. It is possible
that the presence of high amounts of DOPE lipid increases stress in the chain region at
higher pressure. It has been reported in the past that PE lipids can go from Lα to HII
phase with a cubic intermediate. This occurs only at high pressures. It was argued that
the formation of cubic intermediates is energetically more favourable as opposed to the
chain stretching because of external pressure. Based on this argument, we can say that
the lipids are more compressed at such high pressures and the energy cost in reducing the
interfacial curvature is very high. Therefore the d-spacing does not change appreciably in
the case of the 80:20 PE:PC system when subjected to high pressure. It should be noted
that the temperature at which the change in the d-spacing of the hexagonal phase is found
is lower in the case of the 0-900-0 scan. At lower temperatures, the chain splay is smaller.
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Under these conditions, an increase in pressure further compresses the lipids. Thus the
rate of change of d-spacing is slower in case of the 0-900-0 scan for the 70:30 systems.
Pressure jumps were also performed on these lipid compositions to understand the
mechanism of phase transitions for these lipid mixtures. Preliminary results show that
the 80:20(PE:PC) system goes through the formation of two lamellar phases and finally
forms the hexagonal phase. This intermediate is however not present in the 70:30(PE:PC)
system. Wide angle data collected for these samples is still being analysed. Analysis of the
wide angle data will give useful information about the lamellar transitions that normally
occur at lower temperature (high pressure in this case).
5.5 Summary
The effect of pressure on bilayer to non-bilayer transitions is explored. The pres-
ence of higher amounts of lamellar forming lipids makes the lipid mixture less sensitive to
pressure. The d-spacing of the HII phase increases almost linearly with temperature and
pressure. This is attributed to the effect of pressure in compressing the lipid. It is spec-
ulated that higher amounts of PE increase the bending rigidity of the lipid membranes.
Further experiments need to be performed to confirm this is the case. This would require
measurement of the bending rigidity of the lipid bilayers under pressure. Fluctuation
analysis measurements described in the last chapter indicate this fact. Simultaneous mea-
surement of bending rigidity using X-Ray diffraction measurement will give more precise
information on these observations.
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Mechanical properties of lipid bilayers by considering them as flat elastic sheets have been
well studied. Measurement of various mechanical parameters such as bending elasticity,
spontaneous curvature and area expansion modulus gives useful information about the role
membrane elasticity in various events occurring in a cell. This chapter focusses on the
details of measuring the bending rigidity using fluctuation analysis of giant unilamellar
vesicles. Theoretical framework, experimental set up and software developed is described
in detail.
In the first section, role of composition of lipids in the structural organisation of membranes
was discussed. These studies help in understanding the role of lipid composition and
the structural re-organisation in response to the changes in the external physiological
conditions in structure and function of cellular membranes (Hazel (1995)).
In this part of the thesis, lipid membranes are treated as thin elastic sheets, where
the thickness of the bilayer is about four orders of magnitude smaller than the bilayer
length in a vesicle. The study of elastic properties is useful as there is growing evidence
that mechanical stress in a membrane play an important role in certain cell functions, for
example: fusion, membrane fission and membrane protein function.
6.1 Lipid Membranes as elastic sheets: Overview
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Studies on deformations in a lipid bilayer and theoretical aspects developed to cal-
culate the bending elasticity dates back to 1970 (W.Helfrich (1973)). Canham and later
Helfrich developed elasticity theory for membranes by treating them as thin elastic shells.
In this scenario, the molecular heterogeneities are overlooked and the entire bilayer is
considered as an elastic sheet homogeneous in composition. Furthermore, the membrane
is fluid like, which means that there is no in-plane shear and hence only in-plane com-
pression. The membrane can only deform out of plane (which means the membrane can
only curve/bend). The energy associated with these deformations is called the curvature
energy. It is thought that the changes in the curvature of the membrane plays an impor-
tant role in cellular events such as endocytosis and exocytosis. Here there is a membrane
invagination which later pinches off from the parent membrane. Measurement of curvature
elasticity can give useful insights into these biological events.
6.1.1 Curvature Elastic energy
Deformations of a fluid-like substance can be of three forms: twist, splay and bending.
Twist corresponds to the torsion along the plane of the membrane. This can arise because
of the presence of chiral molecules that constitutes the membrane. Splay describes the
curvature of the surface and bending occurs when the membrane moves out of plane.
Curvature can be described by a tensor consisting of surface normals and tangents. This
tensor can be represented by invariants that do not change upon co-ordinate rotation
or translation. This tensor is a 3x3 matrix and has three invariants: the trace of the
matrix, the sum of principal minors and its determinant. The determinant of this matrix
is zero and the eigen values of this matrix are called principal curvatures. The sum of
the principal curvatures (the trace) is known as the mean curvature while the sum of
the principal minors (the product of the principal curvatures) is known as the Gaussian
curvature. These two terms are invariants of the curvature tensor that can be used to
describe a surface. Assuming that the membrane does not contain chiral molecules, the
contribution due to the twisting to the bending energy can be ignored.
With these assumptions the free energy associated with small deformations of a
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membrane of surface area A up to second order in principal curvature can be written as:
∆f =
1
2
κcA(c1 + c2 − c0)2 + κGAc1c2 (6.1)
where c1, c2 are the principal curvatures and c0 is the spontaneous curvature, which is
the intrinsic property of the membrane, κc is called the bending modulus or the splay
modulus and κG is called the Gaussian modulus. The spontaneous curvature c0 reflects
the asymmetry of the membrane. The first term in the expression describes the energy cost
in deviating from the membrane spontaneous curvature while the second term explains
the energy cost due to splay in the membrane.
6.1.2 Vesicle Shape and the three models
Elastic properties of membranes were initially studied to understand the shape transfor-
mations in, for example, red blood cells. This was initially done by considering membranes
as elastic sheets. Since then there has been several developments in the models. Broadly,
there are three different models that are used to explain the shape transformations in
terms of their elastic energy. In all of these models the equilibrium shape is determined
by minimising the elastic free energy of a conformation of a bilayer. These models take
into account the bending stretching energies by allowing different levels of freedom to a
bilayer. These are briefly outlined in the following sections.
Spontaneous curvature model
The curvature elastic energy described in the previous section is called the spontaneous
curvature model where membranes are treated as elastic sheets. This model assumes that
the total number of lipid molecules is constant. Furthermore, the dependency of membrane
curvature on its architecture and composition of the bilayer is not taken into account. The
shape changes in a vesicle are related to the changes in the spontaneous curvature of the
membrane.
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Bilayer couple model
This hypothesis was originally proposed by Singer and Sheetz (Sheetz (1974)) which was
developed to explain the shape deformations of a red blood cell. In this model the mem-
brane is assumed to be composed of two incompressible leaflets that are in close contact
with each other but are unconnected. Furthermore, each monolayer is allowed to slide
over each other laterally. Initially, in this model the difference in the monolayer areas
were fixed. If ∆A0 is the related area difference between the two monolayers in their un-
stressed state, expansion in the outer leaflet causes an increase in ∆A0 whereas expansion
of the inner leaflet causes the opposite effect. Thus membrane stretching and bending
contribute to the total bending energy of the membrane which describes the total energy
of the deformation of a vesicle. The total energy of the membrane due to deformation is
given by:
F =
κc
2
z
surface
(C1 + C2)
2dA (6.2)
There are a number of excellent articles on this model. Some of these articles discusses
the models and progress made from then on.(Wortis and Mukhopadhyay (2002), Heinrich
et al. (1999), Lim H W et al. (2002), Svetina and Zˇeksˇ (1989)).
Area-difference-elasticity model
This model is a generalisation of the spontaneous curvature model and the bilayer couple
model. This model takes into account the structure of the membrane and its influence
on the bending elasticity of the membrane. Unlike the bilayer couple model, in this case
the area of each monolayer is not fixed. Each monolayer has a preferred relaxed area
that depends on the number of molecules present in each monolayer as well as various
intermolecular interactions across the lipid molecule. Each monolayer can have area dif-
ferent from the relaxed area. This deviation costs energy that can be described in terms
of stretching of the membrane. This elastic stretching in a small area difference between
the relaxed area and the deviation from it can be expressed in terms of the difference in
their areas as (Miao et al. (1994b)):
FADE =
κc
2
z
[2(C1 + C2)− C0]2dA + κ¯
2
pi
8A0d2
(∆A−∆A0)2 (6.3)
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where ∆A represents the area difference in the two monolayers, ∆A0 represents the relaxed
area difference in the two monolayers. d is the distance between the bilayer mid-plane and
the neutral surface of the monolayer. κ¯ is called the non-local bending modulus. The first
term in the equation is the bending energy and the second term is the non-local curvature
energy. This term arises because of the expansion or compression of the two monolayers of
a membrane. The non-local bending modulus κ¯ is related to the monolayer compressibility
modulus km as
κ¯ = 2kmd2/pi (6.4)
Further the bending rigidity of each monolayer can be represented in terms of the mono-
layer compressibility modulus as:
κmc = k
md2/3 (6.5)
If each monolayer is assumed to be homogeneous, the bending rigidity of a bilayer can be
written as κmc = κc/2. The ratio of the non-local bending and the local bending elasticity
is then represented by a dimensionless parameter α = κ¯/κc. When α = 0, one can see
that the Eq.6.3 reduces to the spontaneous curvature model described by Helfrich. On
the other hand, when α is large, one obtains the bilayer couple model. Some of the other
interesting articles discussing the area difference model are (Wiese et al. (1992), Evans
(1974)).
6.1.3 Lateral pressure profile and bending elasticity
In the previous section, the elastic properties of lipid bilayers are discussed. The study
of the elasticity of membranes is useful in understanding their behaviour and their influ-
ence in cell activity. The bending rigidity of a membrane describes the overall behaviour
of lipid molecules that form the membrane as a collective entity. Here we discuss how
the molecular organisation in a lipid bilayer described in terms of lateral stress profiles
(Chapter 1chapter 1) can be related to the bending rigidity.
There are various discussions and theories developed to relate the molecular hetero-
geneities to the bending elasticity of the membrane. Here we discuss one such approach
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developed by Igal Szleifier (Szleifer et al. (1990)). To recall, the membrane curvature de-
scribes the organisation of the amphiphilic molecules into cylindrical or spherical micelles
or planar bilayers where the shape parameter can give information about the preferred
organisation of amphiphilic molecules when brought in contact with water. The confor-
mation of the molecule therefore influences the mechanical properties of membrane. This
discussion mainly focusses on the lipid bilayers in fluid-like phase resembling a smectic
liquid crystalline state.
As mentioned in the Introduction chapter, various forces contributing to the lateral
stress on a membrane can be broadly divided into two parts: head group interactions,
such as steric interactions, and interactions at the chain region of a lipid molecule. These
interactions change when a membrane is deformed or vice versa. This can be reflected in
the elastic parameters of a membrane such as bending rigidity or area expansion modulus.
Head group interactions are specific to the kind of head group a lipid molecule has and
hence differ from one lipid to another. Towards this the most widely studied interaction
is the electrostatic interaction and its contribution to the bending rigidity of membranes.
For a homogeneous lamellar phase, electrostatic interactions seem to suppress out-of-plane
fluctuations and make the membrane more rigid, whereas for a heterogeneous membrane,
they can induce shape instabilities and can lead to segregation of components. A study
of these interactions in a more generic membrane is complicated as it is coupled with the
membrane shape fluctuations. Apart from electrostatic interactions, emphasis has to be
given to the study of contributions from dipole-dipole interactions, van der Waals and
hydration forces as they can all influence membrane properties.
Here we will discuss the conformational changes in the chain region of the am-
phiphilic molecule and their relation to the bending elasticity using mean field theory.
Only a brief overview is presented here.
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6.1.4 Packing constraints and free energy
A bilayer made of amphiphilic molecule is described as follows: The total number of
molecules in a bilayer is constant (N). The total number of molecules constituting each
monolayer (outer E and inner I) is given by NE and NI respectively. If XE and XI denote
the fraction of molecules in each monolayer, the total free energy of a bilayer is given by:
f = XEfE + XIfI (6.6)
The packing constraint for a bilayer is given by:
XE
∑
α
PE(α)φE(x, α)+)1−XI)
∑
ζ
PI(ζ)φI(x, ζ) = a(x) (6.7)
Where a(x) is the average area per molecule at a distance of x from the midplane, φ(x, α)
represents the number of chain segments (CH2) within x and x+dx.The subscripts E and
I represent the outer or inner layer of a bilayer respectively. In other words, it implies that
the density of the segments constituting the chain region is uniform. Defining:
fE =
∑
α
PE(α)(α) + kBT
∑
α
PE(α)lnPE(α) (6.8)
where the two terms correspond to the average internal energy and entropy of the chain re-
spectively. PE(α) is the probability density functional corresponding to the chain attached
to the external interface in a conformation a(ζ). PE(α) can be obtained by minimising
the free energy subject to the packing constraints.
PE(α; c) =
1
Ω
[
−β(α)− β
w
pi(z)φE(z, α)dz
]
(6.9)
where β = 1/kBT and Ω is the normalization constant, pi(z) are the Lagrange multipliers
conjugate to the packing constraints. This represents the lateral pressures that a molecule
experience due to the presence of the neighbouring molecules in order to satisfy the packing
constraints. As seen from chapter (1) the lateral pressure is maximum at the interface
and is minimum at the bilayer mid-plane (towards the chain region). It reflects how
constrained the chain region is in order to fulfil the packing constraints. The free energy
can be written as:
139
Lipid Membranes as elastic sheets: Overview Bending Elasticity: Fluctuation Analysis
f(c) = kBT lnΩ(c)−
w
pi(z; c)a(z; c)dz (6.10)
where the normalisation constant is
Ω =
∑
α
exp
[
−β(α)− β
w
pi(z)φ(α; z)dz
]
(6.11)
where the dependence of the lateral pressure on the bending elasticity is made explicit.
These relations relate the lateral pressure profile to the free energy of bilayer. In the next
section free energy of a bilayer is expressed in terms of the elastic constants.
Elastic constants and free energy
The free energy changes upon deformation in relation to the curvature of the inner and
outer leaflet of a bilayer can be written as:
f(c+c−) = f(0, 0) +
(
∂f
∂c+
)
0,0
c+ +
(
∂f
∂c−
)
0,0
c− +
1
2
(
∂2f
∂c2+
)
0,0
c2+ (6.12)
Where the free energy is expanded in terms of the linear combinations of principal curva-
tures c+, c−. Here c+, c− represents the sum and difference of principal curvatures c1, c2
respectively. For a planar bilayer approximation, c1, c2 are equal to 0. Therefore the free
energy is expanded only up to the quadratic term in curvature. The minimum in the free
energy can therefore be calculated by solving
(
∂f
∂c+
)
c
(0)
+ ,c
(0)
−
= 0 (6.13)
for the inner leaflet and (
∂f
∂c−
)
c
(0)
+ ,c
(0)
−
= 0 (6.14)
for the outer leaflet. Solving these equations one gets:
1
a
δf =
1
2
κc(c1 + c2 − c0)2 + kGc1c2 (6.15)
where we have (
∂2f
∂c2+
)
0,0
=
(
κc +
kG
2
)
a
(
∂2f
∂c2−
)
0,0
= −kG
2
a (6.16)
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−
(
∂f
∂c+
)
0,0
= c
(0)
+
(
∂2f
∂c2+
)
0,0
= κcc0a (6.17)
using Eqns.(6.13, 6.14, 6.10) the relation between the bending elasticity and the lateral
pressure profiles is given by:
κcc0 =
0w
−l
pi(z)dz (6.18)
In other words, bending elasticity is related to the first moment of the lateral stress.
Similarly, the Gaussian modulus is related to the second moment as:
kG = −
w
pi(z)z2dz (6.19)
From these expressions (Eqns. 6.18, 6.19) we can see that the Gaussian modulus can be
calculated simply by knowing the pressure distribution in a bilayer whereas the bending
elasticity measurements require the calculation of changes in the lateral pressure due to
the changes in the curvature of the bilayer. This requires calculation of the density profiles
and the free energy changes first. These expressions, although explaining the relations in
a planar bilayer, enable any deformations in the membrane to be treated as a deviation
from this equilibrium planar state which can be represented in terms of the compositions
of each monolayer constituting the membrane.
From the above discussion we can see that the bending elasticityκc, the Gaussian
modulus κ¯ and the spontaneous curvature c0 are related to the lateral stress profile of
a membrane. The lateral stress profile can be obtained by looking into the packing con-
straints that involves the average area per molecule a0. It is seen that the value of Gaussian
modulus obtained is sensitive to various other interactions apart from the interactions at
the chain region and hence is model sensitive. However, calculation of bending elasticity
is more consistent using the above model. The bending rigidity for various types of de-
formations increases as the area per molecule decreases. In other words, an increase in
the lateral pressure profile corresponds to an increase in the bending rigidity of the single
component membrane. In case of membranes made of mixtures of lipid with different chain
lengths, addition of shorter chain lengths decreases the bending rigidity value. Addition
of short chain lipid molecules decreases the lateral stress by relieving some of the stress at
the last segments of the chain region. These observations pertain to the assumption that
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the area at the neutral surface remains the same. Although this area is weakly dependent
on the chain length, the possibility of a significant change in the bending elasticity as a
result of changes in the chain length cannot be ignored.
It is therefore possible to relate the compositional variations to the deformations
in a lipid bilayer. One can also extend these principles to a monolayer case. The above
instance is only one such way of looking at these relations and is presented here only for
illustrative purposes.
6.2 Measurement of bending rigidity
6.2.1 Various Methods to measure bending elasticity
The bending elasticity can be measured experimentally by various techniques such as X-
Ray diffraction, micropipette aspiration, fluctuation analysis, electrodeformation to name
a few. Each of these techniques has some advantages over the other. The technique of
choice will also depend on the parameters and nature of experiments. This section gives
a brief overview of some of these techniques and discusses the parameters that can be
extracted from these techniques.
Micro-pipette aspiration
This technique was developed by Evans (Evans and Rawicz (1990)). This is based on
the principle that the membrane is deformed by using external applied pressure. The
application of pressure draws out excess area from the membrane there by reducing the
undulations. Since the total volume of the vesicle remains constant, the amount of mem-
brane projected into the pipette is directly proportional to the excess area in a vesicle.
When the undulations are smoothed out, the tension in the membrane is related to the
suction pressure.
τ =
∆PRp
2(1− Rp/R0) (6.20)
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where ∆P is the applied suction pressure, Rp is the pipette radii, R0 is the radius of the
vesicles that is outside the pipette. and the areal strain is given by
α =
1
2
[(
Rp
R0
)2
−
(
Rp
R0
)3] ∆L
Rp
(6.21)
where ∆L is the increase in the membrane projection length in the pipette.
The plot between the projected area and the applied tension is then used to extract
the mechanical parameters of the vesicle. At the low tension regime, the relation between
the applied pressure and the bending rigidity can be obtained by the continuum theory of
elasticity of membranes. This is given by:
α =
kBT
8piκc
ln(τ) (6.22)
whereas at the high pressure region one can determine the area expansion modulus for the
bilayer.
Thus, the micropipette aspiration technique can give information about two pa-
rameters if a membrane namely the bending elasticity and the area expansion modulus.
Furthermore, the experiments can be done in a more controlled manner as the tension in
the vesicle can be controlled more effectively. However, the description of an aspirated
vesicle is not straightforward and hence only approximate expressions have been used.
Furthermore, the technique is not entirely non-invasive and hence requires a fair amount
of data interpretation. Lastly, the state of the membrane is constantly changing while
being aspirated and hence complicates the data interpretation further.
Osmotic stressing
This technique developed by Rand and Parsegian (Chen and Rand (1997) for example)
can be used to look at the bending rigidity of the monolayer in hexagonal phase. In this
method, samples that contain type II lipids are doped with an osmolyte of known osmotic
pressure. X-ray diffraction method is used then used to calculate the d-spacing of the
hexagonal phase. This data is used to calculate the radius of the water cores and the
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area per lipid molecule at the neutral surface. By knowing the radius of curvature at the
pivotal plane, the free energy of the hexagonal phase can be given by(Rand et al. (1990))
F =
1
2
κcAp
(
1
RP
− 1
R0P
)2
(6.23)
The osmotic work done by the osmotic stress is written as:
ΠR2P = 2κcAp
(
1
RP
− 1
R0P
)2
(6.24)
where AP and R0P are the molecular area and the spontaneous radius of curva-
ture at the pivotal plane respectively. The spontaneous curvature is measured by adding
tetradecane to the lipid mixtures Chapter.5
X-Ray Diffraction
Elastic parameters can also be measured from X-Ray diffraction data of lipid bilayers.
Often this method requires high brilliance X-Ray source available in synchrotron sources.
In this method first the structure factor is obtained using the intensity profile and the
form factors. Treating each bilayer as a 2 dimensional in plane fluid, fluctuations about
the average position of the bilayer can be related to the free energy as:
Ffl =
1
2
w
dr
N−1∑
n=0
(
κc[∆(r)]
2 + B[un+1(r)− un(r)]2
)
(6.25)
where,The system consists of n=1, . . . ,N bilayers stacked in the z direction. The
centre of each bilayer has an average position zn = nD and each bilayer extends over
a diameter Lr in the r = (x, y) plane. Fluctuations in the stacking of the bilayers are
described by the quantities un(r) which are spatial deviations in the z direction of the
centre of the nth bilayer from its average position at location r. κc is the bending rigidity
of the membrane.
The first term is the bending energy and the second term is related to the fluctuation
part of the interactions between the bilayers parametrized by the modulus B which has
units of energy/length. B is related to the Caille three-dimensional bulk modulus B3
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by B=B3/D. The bending modulus κ and the compression modulus B were obtained by
fitting the off-specular scattering intensity to the theory for S(q), the structure factor.
This method requires reconstruction of electron density profiles and calculation of
Callie´ parameter. Experimentally, to get a decent electron density profile reconstruction
and to get information at very small angles (which is a requirement to calculate the Callie´
parameter) one has to rely on synchrotron sources. Although this method gives values of
bending rigidity of DOPC bilayers consistent with values reported using techniques such
as micro-pipette aspiration for eg, this method is mathematically intensive and requires
careful consideration of the system and the parameters being used. In addition sample
preparation techniques involves making oriented samples and chambers specially desinged
for hydrating the stacks of bilayers. Moreover, whether this method can be used for non-
lamellar lipids is uncertain. Details of the entire procedure can be found in (Lyatskaya
et al. (2000), Pan et al. (2008)).
Fluctuation analysis
This technique is a non-invasive technique that is based on the observation of the thermal
fluctuations of quasi spherical vesicles and relating the shape fluctuations to the thermal
energy via the fluctuation dissipation theorem. Here, this technique has been used to
extract bending elasticity of vesicles. The following sections describe this method in greater
detail which includes data extraction and generating power spectrum methods.
6.3 Development of the fluctuation analysis algorithm
Fluctuation analysis is used to measure the bending rigidity of vesicles. One can
calculate membrane tension as well as bending rigidity from the fluctuation spectrum.
Extraction of tension in the membrane requires the expansion of the vesicle fluctuations
in spherical harmonics. As a starting point, this work aims at the calculation of bending
rigidities as it can be extracted from the planar bilayer approximation of the vesicle. This
145
Development of the fluctuation analysis algorithm Bending Elasticity: Fluctuation Analysis
section describes the experimental requirements and some of the concepts of membrane
fluctuation and method to extract the bending elasticity from them.
Camera Properties
As seen in the previous section, calculation of bending rigidity is done by measuring the
fluctuation of a membrane about its mean shape over a period of time. A fast CMOS
camera from Infinity was used to take videos.
Giant unilamellar vesicles are in the size range of about 10µm to 100µm. The
relaxation time scales of these fluctuations are in the range of few µs to few seconds. Fur-
thermore, relaxation time decreases as a cubic power of the mode number. For example
the relaxation time scale τm is given by τm∼4ηR3/κcm3 where, τm is the relaxation time
for a given mode m, η is the viscosity of the medium, R is the radius of the vesicle, κc the
bending rigidity (Me´le´ard et al. (2011); Milner and Safran (1987)). This means that higher
modes have shorter characteristic time scales. In order to capture these fluctuations, the
camera integration time (exposure time) should be as small as possible. High speed cam-
eras are becoming more and more available that can meet these requirements. However,
the camera used to perform fluctuation measurements have a minimum exposure time of
1ms. This limits the observation of high mode fluctuations in a GUV. Nevertheless, infor-
mation required to extract bending elasticity can be obtained from the initial 20 modes.
The relaxation times for these modes are around 1ms. Other ways of capturing high mode
fluctuations include removing the factors affecting camera integration time through image
analysis by looking at the correlation length scales (Pe´cre´aux et al. (2004)).
The second most important aspect in choosing a camera for these measurements is
the image acquisition time. The image acquisition should be fast enough and long enough
to capture as many different shapes that a vesicle can attain. The smaller modes have
long relaxation times. Hence it is important to acquire images for long enough time so as
to allow the full relaxation of these modes.
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Figure 6.1: Front end of the Fluctuation analysis routine: Figure showing the GUI for fluctuation
analysis method to calculate the bending rigidity of the vesicles.
Keeping these in mind, the exposure time was set to 1ms and the frame speed was
set to about 60-74 fps. This gives about 4000 frames in a minute to be analysed per
vesicle.
Image acquisition Routine
A LabVIEW based interface was developed to acquire and save images or videos. The
interface access the routines supplied by the company for the camera to do so. Various
functionalities included in the program allow the user to acquire images or videos at user
defined configurations. The functionalities include: setting up the gain, exposure time,
acquisition time, image visualisation, binning, capturing and saving images or videos.
Fig.6.2 shows the front panel of the image acquisition routine developed for the fluctuation
analysis measurements.
6.3.1 Data analysis and algorithms
Find Contour
The observation of fluctuations of a membrane about the mean shape of the vesicle can be
done by tracing the shape of the vesicle in each frame as accurately as possible. GUVs are
147
Development of the fluctuation analysis algorithm Bending Elasticity: Fluctuation Analysis
visualised in a phase contrast microscope set up. There is a sharp boundary at the edge
of the vesicle. This can be either the point of maximum intensity or minimum intensity
depending upon the properties of the phase plate used. Most of the algorithms developed
to detect the edge of a vesicle are based on finding the points of maximum or minimum
intensities to sub pixel resolution.
Figure 6.2: Front panel if the image acquisition routine: Labview front panel showing image
acquisition routine that can be used to take videos at a user defined settings or take images and save them
in the desired location.
This principle is used in the current work. The first step is to find the centre of the
vesicle. The circular shape of the vesicle is analogous to the diffraction rings that one gets
from liquid crystalline samples as discussed in the previous part. In the latter case, the
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Figure 6.3: Find contour routine. Labview front panel showing the contour extraction routine that
extracts the edges of the fluctuating membrane and converts the x-y data into r,theta values.
centre of the image was found by exploiting the circular nature of the diffraction image
and by fitting a circle to the set points that represented the edge of a diffraction maxima.
This principle is extended to the case of finding the edge of a vesicle.
Find centre: For each frame, the centre of the vesicle is found by the Find Centre
routine described in chapter 3. First, a rough centre is fed to the routine by the user. The
co-ordinates of the pixels are then represented in polar coordinates. The image is radially
integrated in segments determined by the inner radius, outer radius and the step size in
the angular sweep. The collection of points thus obtained is fit onto a circle using least
square fitting algorithm. This gives the centre of the vesicle. Once the centre is found, the
coordinates of the pixels in the image is represented in terms of the centre of the vesicle
as origin.
Find edge: Once the centre of the vesicle is found, the edge of the vesicle is obtained
by using the radial integration routine. There are few extensions to the routine that are
described here. The user is provided with three options to choose from that can be used
to pick the co-ordinates of the edge. These are (1) Biggest peak: The co-ordinates of
the edge correspond to the maxima of the radially integrated portion of the image. The
inner radius, outer radius, minimum step size in angle define the portion of the image
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(contour) that was radially integrated.(2)Smallest peak: The coordinates chosen are the
one corresponding to the minimum value of the radially integrated profile. (3) Maximum
Fit: Extracts the coordinates of maxima of the radial profile by fitting a Gaussian to it.
(4) Minimum Fit: Fit the minima of the radial profile. (5) Point of Inflexion: Finds
the steepest point of descent or accent (point of highest slope in the profile) in the profile
and assigns the co-ordinates of that point to the edge.
Figure 6.4: Contour extraction. Picture depicting the extracted contour overlayed on the GUV image.
The step size for theta in this case was 0.02 radian. The inset shows a portion of the vesicle whose brighter
edge has been found.
The edge detection routine described here finds the edges up to three decimal places.
The process of finding contour is sped up by multi-core programming. Once the coordi-
nates of the contour are found, they are represented in polar coordinates(r, θ) with centre
of the contour as the origin. Fig.6.4 shows the extracted contour of teh GUV. The contour
superimposes well with the bright edge of the vesicle.
Calculation of the bending elasticity: concepts
Here we describe the key concepts that are useful in the development of experimental
technique to calculate the bending elasticity of membranes. For a membrane under tension,
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the energy due to stretching and bending of the membrane is given by:
E =
w σ
2
(
hx
2 + hy
2
)
+
(
κc
2
)
(hxx + hyy)
2dX (6.26)
where in Monge representation, hx = ∂h/∂x, hy = ∂h/∂y represent the tangent vec-
tor components along the z -direction at constant y and x respectively. hxx = ∂
2h/∂x2 and
hyy = ∂
2h/∂y2 represent the components of the curvature term along x and y directions
respectively where the metric s expanded only upto h2 terms.
Representing the height function h(X) in terms of its Fourier components, one can write:
h(X) =
[
A
4pi2
]w
dq exp(iq ·X)h(q), (6.27)
Using Eq.6.27 the tension term in Eq. 6.26 can be represented as:
hx(X)
2 + hy(X)
2 =
[
A
4pi2
]2 w
[qxq
′
x + qyq
′
y] exp (i[q− q′] ·X)h(q)h∗(q′) (6.28)
Replacing (2pi)−2
r
dX exp (i[q− q′] ·X) by δ(q−q′) and integrating over q′ the stretching
and the bending terms in Eq. 6.26 can be represented as:
w
dX[hx(X)
2 + hy(X)
2] =
[
A
4pi2
]w
q2dq h(q)h∗(q′). (6.29a)
w
dX[hxx(X) + hyy(X)]
2 =
[
A
4pi2
]w
q4dq h(q)h∗(q′). (6.29b)
In other words, the deformation energy is diagonal and hence the wave vectors decouple.
From Eqs. 6.29a and 6.29b:
E =
(
1
2
)[
A
4pi2
]w
dq(σq2 + κcq
4)h(q)h∗(q′) (6.30)
In case of a one-dimensional motion of a particle, thermal fluctuation energy can be
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represented by Hooks law, where the total potential energy is proportional to thermal
fluctuations. For such systems, average fluctuation is given by:
〈x2〉 = kBT
ks
(6.31)
where KB is the Boltzmann constant and ks is the spring constant. The fluctuations
strongly depend on temperature T as seen from Eq.(6.31). A higher temperature results in
larger fluctuations (lower modes) whereas a lower temperature leads to smaller fluctuations
(higher modes). The energy of a configuration acquired by membrane can be viewed as
generalised harmonic potential. Using the equipartition of energy, the total energy of
deformation of membrane can be written as:
〈h(q)h∗(q)〉 = kBT
A
1
σq2 + κcq4
(6.32)
where
r
dq is a sum over all the oscillator modes each with energy :
(
A
2
)
(σq2 + κcq
4)h(q)h∗(q′) (6.33)
Eq.(6.32) represents the bending energy of deformation in case of a fluid membrane. One
can extract the regimes where bending dominates and where tension dominates by looking
at the ratio
√
σ/κc which can be referred as the crossover mode qc. For larger length scales,
the contribution from tension towards the curvature energy is larger whereas at smaller
length scales bending energy is the dominant form of energy.
Experimental technique described /used here is based around measuring these fluc-
tuations and fitting Eq.(6.32) to the measured fluctuations. The description of membrane
deformation energy presented here is for a planar bilayer. This can be extended to a
quasi-spherical vesicles since the fluctuations are measured on a plane across the vesicles
(Pe´cre´aux et al. (2004)). Thus to a good approximation the behaviour of higher modes is
similar in case of quasi spherical or planar bilayers.
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Planar bilayer
As described in the previous section, the algorithm finds the edges of a vesicle in a plane(x−
z plane) . Therefore, setting (y = 0) and for higher modes, Eq.(6.32) is given by:
〈h(qx, y = 0)2〉 = 1
L
kBT
2σ
 1
qx
− 1√
σ
κc
+ q2x
 (6.34)
For bending dominated fluctuations where σ/(q2xκc)→ 0 we have
〈h(qx, y = 0)2〉 = 1
4L
kBT
κcq3x
(6.35)
where L = 2pi〈r〉 is the average circumference of the contour of all frames (Yoon
et al. (2010)). Experimentally, it is thus required to calculate the Fourier transforma-
tion of the fluctuations about the mean radius of vesicle and relate it to the continuous
Fourier transform h(q). After finding the coordinates of the contour as described in sec-
tion (Section.6.3.1) and representing them in polar coordinates , the mean radius of the
vesicle 〈r〉 is calculated for all r(θn) where, n is the number of points on the circumference
per frame, over all frames.
The amplitude of fluctuation about the mean radius is given by hm = r(θn) − 〈r〉.
The fast Fourier transform (FFT) of these fluctuations is performed by using an inbuilt
LabVIEW function which calculates:
cl =
N∑
n=1
hm exp−i2pi(m− 1)(n− 1)/N (6.36)
where N is the total number of points on the circumference per frame. The modes
are given by qlx = l/〈r〉 with l = 1, 2, ...,N/2
Finally the relation between continuous Fourier transform and discrete Fourier trans-
form ( Eq.6.36. ) is
h2q = c
2
l ×
(
1
N
)2
(6.37)
From Eq.6.37 and 6.36, the expression for bending rigidity is:
κc =
kBT
4Lq3x
c2l
N2
(6.38)
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The bending rigidity is calculated by fitting Eq.6.38 to the power spectrum ((cl/N)
2
Vs qx).
There are other treatments to this methodology which include expansion of modes
in spherical harmonics. Since imaging is done on the equatorial plane of the spherical
vesicle, the angle θ is kept constant at pi/2. In this case, for higher modes, the expression
for bending rigidity converges to Eq. (6.32) (Pe´cre´aux et al. (2004)). However, the
above described method can be used only in the quasi-spherical limit. For a more generic
expression that can be used to extract bending rigidity of vesicles that deviate from the
spherical geometry, expansion into spherical harmonics is useful. In the present work, only
the former case has been explored.
Planar membrane: A special case of a spherical membrane
This section gives a brief explanation of the reasons for using the fluctuation spectrum
for a planar bilayer to calculate the bending rigidity of a vesicle. The latter has a spher-
ical geometry and hence a more appropriate treatment would be to describe the shape
fluctuations in spherical coordinates (r, θ, φ). Calculation of the fluctuation for different
modes by the two methods (planar geometry and spherical geometry) gives same results
for higher modes. Here the details of the calculation performed as shown in (Pe´cre´aux
et al. (2004))are presented.
Most of the work presented follow the works of (Faucon et al. (1989); Pe´cre´aux et al.
(2004); Yoon et al. (2010)). The fluctuations in the vesicle can be described in spherical
coordinates as:
r(θ, φ, t) = R[1 + u(θ, φ, t)] (6.39)
where R is the radius of sphere of same volume as the vesicle. In other words, it is the
average radius of the vesicle. u(θ, φ, t) describes the displacement of the contour from the
mean sphere described by radius R . The bending elastic energy of the vesicle is then given
by:
Fc(u) =
w w
Fc(u, uθ, uφ, uθθ, uφφ)dθdφ (6.40)
where
Fc =
κc
2
[4− 4∇2u+ 4u∇2u+ (∆2u)2 + 2(∇u)2] sin θ, (6.41)
(∇u)2 =
(
u2θ +
u2φ
sin2 θ
)
and ∇2u =
(
uθθ +
cos θ
sin θ
uθ +
uφφ
sin2 θ
)
(6.42)
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and uθθ, uφφ are the second derivatives of u with respect to θ and φ. The equilibrium shape
of the vesicle is then found by minimising the total bending energy (Eq.6.40) keeping the
volume of the vesicle constant. The fluctuations are time-dependent thermal agitations
about the mean shape of the vesicle. Therefore, the fluctuation term can be decomposed
into two components, a static part u0(θ, φ) that describes the average shape of the vesicle
in equilibrium and the dynamic part δu(θ, φ, t) that describes the deviations from it :
u(θ, φ, t) = u0(θ, φ) + δu(θ, φ, t) (6.43)
The equation is solved using the variational method. Here the function is the solution
of the Euler Lagrange equation which for small perturbations takes the form:
∇2(∇2δu) + 2(σ¯ − p¯)δu = λδu (6.44)
where σ¯ and p¯ are the effective tension and pressure respectively. The eigen functions of
the above equation are the spherical harmonics and the eigen values are:
λn(σ¯, p¯) = n
2(n+ 1)2 − (2− σ¯)n(n+ 1) + 2(σ¯ − p¯) (6.45)
One can thus write:
δu(θ, φ, t) =
nmax∑
n=0
+n∑
m=−n
Uln(t)Y
l
n(θ, φ) (6.46)
where as it turns out Uln(t) is the time independent term . Applyting the equipartition of
energy the mean-squared amplitude of each mode of fluctuation is given by
〈∣∣∣Uln(t)∣∣∣2〉 = kBTκc 1λn(σ¯, p¯) (6.47)
The second term in (Eq. 6.46), spherical harmonics can be written as:
Y ln(θ, φ) = (−1)l
√
2n+ 1
4pi
(n− l)!
(n+ l)!
P ln(cosθ) exp (ilφ) (6.48)
Where P ln(cosθ) are the associated Lengendre polynomials of degree n and order l. This
is defined as:
Pmn (u) =
√
(1− u2)ld
lPn(u)
dul
(6.49)
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Using the following representation of the above equation
O =
nmax∑
n=0
+n∑
m=−n
Uln(t)(−1)l
√
2n+ 1
4pi
(n− l)!
(n+ l)!
P ln(cosθ) (6.50)
and using the definition (Pe´cre´aux et al. (2004))
|csq| =
∣∣∣∣∣∣ 1pi
piw
−pi
δu(θ, φ, t) exp (−iqφ)dφ
∣∣∣∣∣∣ (6.51)
we get
|csq| =
∣∣∣∣∣∣ 1pi
piw
−pi
[O] exp (ilφ) exp (−iqφ)dφ
∣∣∣∣∣∣ (6.52)
|csq| =
∣∣∣∣∣∣ 1pi [O]
piw
−pi
exp (ilφ) exp (−iqφ)dφ
∣∣∣∣∣∣ (6.53)
Recalling
〈|Uln(t)|
2〉 = kBT
κc
1
(n− 1)(n+ 2)[σ¯ + n(n+ 1)] + 2(2σ¯ − p¯) (6.54)
For vesicles where the fluctuations are not too large the last term (2σ¯−p¯) can be neglected.
From Eq.6.54 and Eq.6.53, for q > n One thus obtains:
〈|csq|2〉 =
nmax∑
n=q
2n+ 1
pi
(n− q)!
(n+ q)!
[P qn(0)]
2 × kBT
κc
1
(n− 1)(n+ 2)[σ¯ + n(n+ 1)] (6.55)
Calculation of the fluctuation amplitudes using equations Eqns.6.55 and 6.34 and com-
paring them by computing the ratio ρ = 〈h(qx, y = 0)2〉/〈|csq|2〉 tells that at higher modes,
there is no difference in the calculated amplitudes. Since the bending dominated region is
represented by the higher modes, we can safely use the planar approximation to calculate
the bending rigidity of vesicles.
6.4 Summary
Membranes are treated as elastic sheets and the mechanical properties associated
with membranes as elastic sheets are discussed. Particular emphasis is given on the bend-
ing rigidity of membranes. Various instances where it was shown that membrane bending
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Figure 6.5: Comparison:spherical and planar approximations. Plot of the ratio ρ =
〈h(qx, y = 0)2〉/〈|csq|2〉 against the mode number depicting the similarity in the values of amplitude ob-
tained by two different treatment of vesicle fluctuations. As both spherical and planar cases give the
same amplitude for fluctuation at higher modes, one can safely use planar approximation to calculate the
bending elasticity.
Figure 6.6: Automated fitting routine: Front panel of the automated fitting routine developed in
Matlab. The user inputs the power spectrum file, the range of data used for fitting, and the slope range to
search for. The program then performs the search for the region which has a slope in the given region and
performs linear fit and gives the value of the intercept which can be used to calculate the bending rigidity.
elasticity can give vital information on cell function are highlighted. Experimental tech-
niques to measure bending elasticity are discussed. Extracting bending elasticity from the
thermal fluctuations in membrane is discussed in greater detail. The treatment is limited
to a planar bilayer in this thesis and extension to a more generic shape of vesicles will be
considered in future.
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Since searching for a region with a slope of (-3) manually can be time taking and
difficult, a routine is developed to automatically find the region and perform fit. The
program first smooths the data and makes the data points equidistant. The number of
points can be supplied by the user. Once the data is re-sampled equally, the program
calculates the slope between end points (x, xn) then (x−1, xn−1) and so on until it finds a
slope in the region defined by the user. Once the region is found, a linear fit is performed
to extract the intercept value for the calculation of bending rigidity.
This is still work in progress and is being optimised further to perform more rigor-
ous slope search. These routines will ultimately help in fully automating the fluctuation
analysis with minimal user interaction.
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This chapter discusses some experimental results obtained from the fluctuation analysis
of DOPE/DOPC vesicles. As previously mentioned DOPE is a type II lipid and prefers
inverse hexagonal phase in aqueous solution. Addition of large amounts of DOPE to a
DOPC will increase the curvature elastic stress and hence increases the bending rigidity
of a bilayer. These concepts are explored in the experiments described in this chapter. We
observe that addition of DOPE to DOPC lipid increases the bending rigidity by three fold.
7.1 Bending elasticity of lipids: Overview
The fluctuation analysis technique developed as described in the previous chapter is used
to calculate the bending rigidity of membranes. As a proof of concept pure DOPC system
is first investigated. Calculation of bending rigidity of gaint unilamellar vesicles of pure
DOPC has been reported by various groups in the past. For example, using micropipette
aspiration technique, bending rigidity of DOPC with a cis double bond at the 9 hydro-
carbon tail position was found to be 8.5 ±1× 10−20J at 18◦C (Rawicz et al. (2000)) and
the same value at 15◦C using x-ray diffraction Pan et al. (2008). However a very low
value of bending rigidity of about 1.6 ±0.5× 10−20J at 21◦C was reported by Nigelmann
and Kummrow (Niggemann et al. (1995)) using fluctuation analysis as well as electro
deformation techniques. Sample environment and the presence of materials such as glue
and silicone was thought to be influencing the GUV thereby causing the change in their
bending rigidity value. Calculation of bending rigidity using both fluctuation analysis and
electro deformation techniques was recently done by Gracia and group . They found the
bending rigidity of DOPC Guvs to be about 10.8 to 11.4±1× 10−20J at 23◦. It was also
reported that the bending rigidities calculated by fluctuation analysis were always slightly
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higher than the values obtained by other techniques. A number of factors such as the
presence of other vesicles, geometry of the observation chamber and the position of the
vesicles with respect to the position of electrodes were thought to be affecting the electric
field thereby giving a slightly lower value of bending rigidity in case of measurements using
electrodeformation technique. Therefore it will be useful to compare the results obtained
by the fluctuation analysis technique developed in-house with the values in literature. Al-
though the values of bending rigidity obtained by various groups vary significantly, yet
it will help in testing if the technique gives the values in the same range as reported in
the past. Secondly this is used as a control to compare the bending rigidity obtained for
mixed lipid system.
As an extension DOPE:DOPC systems are investigated. In the previous chapters
the effect of a non bilayer lipid on the phase behaviour and spontaneous curvature was
discussed. Here the effect of non bilayer forming lipid on the bending rigidity of the
membrane is explained in detail. DOPE is a type II lipid. Large amounts of this lipid in
a bilayer system leads to curvature frustration and eventually leads to phase transition to
inverted hexagonal phase. We investigate the effect of high amount of DOPE lipid in a
bilayer below the phase phase transition temperature where the bilayer experiences huge
curvature elastic stress. It is expected that presence of DOPE will increase the bending
rigidity of the membrane. To the best of our knowledge, effect of change in the head
group in the bending rigidity has not be explored in the past. This experiment will help in
further investigating the effect of non bilayer lipids on protein activity more quantitatively.
7.1.1 Experimental Set up
Electroformation
Giant unilamellar vesicles were formed by the standard electroformation technique. Lipid
mixtures were made in 9:1 CHCl3:CH3OH solution at a concentration of 0.8mg/ml. Mix-
tures with upto 80% of DOPE and pure DOPC compositions were prepared. All lipids
were bought from Sigma. Several 2µl drops were deposited on one of the ITO coated glass
plates. A 0.5∼1mm thick PDMS spacer is placed on the plate containing the sample that
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also acts as a well to hold solution that is used to hydrate the sample. A second ITO plate
is placed on the top of the spacer. The conducting surfaces of the two plates always face
each other and the lipid films are spread on the conducting surface of the plate. The lipid
film is placed in the lyophilizer to dry for about half an hour. 100mM sucrose solution is
injected into the well to hydrate the lipid films. An AC voltage of 2.6V at 10Hz is applied
to the plates for 3 hours. The voltage is then increased to 4.6V and the frequency reduced
to 4.4Hz for 45 minutes (Fig.7.1).The set-up was placed on a heating plate and the tem-
perature was set so that the lipids are always above their chain melting temperature or in
other words they are liquid crystalline lamellar phase. The GUVs can be stored in fridge
for about four days. For the experiments fresh GUVs were used.
Figure 7.1: GUV Electroformation. Lipid film is deposited on one of the ITO plates and an AC field
of 2.6V at 10 Hz is applied across the two plates using the function generator. The sample is placed on a
heating plate which is used to maintain the temperature above the chain melting temperature of the lipids.
Layout of the set up
The experimental set up for the visualisation of vesicles and collection of data is shown
in Fig. 7.2. GUVs were first re suspended in 125mM glucose solution. A visualisation
chamber was made using 50 X 25mm glass cover slips (Sigma) and an acrylic well. Around
80µl of glucose solution is added into the well. The purpose of adding glucose is two fold.
One it helps in better visualisation of vesicles under phase contrast set-up and two it helps
in adjusting the osmotic balance between the inside and outside of the vesicles. 20µl of
GUVs were suspended into the glucose solution. The chamber was sealed with another
cover slip to avoid air currents and to maintain the temperature of the set up.
Temperature of the well is controlled using a heating mat placed on either side of
the glass slide. Temperature is read using a pt100 temperature sensor (RS components).
Since the heating element is a glass there is an offset between the set temperature and the
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Figure 7.2: Experimental setup: Experimental set-up for performing VFA to extract bending rigidity
of membranes.
actual temperature in the well. For the same reasons the maximum temperature that can
be reached is about 50◦C. This set up although not very efficient, is enough for the purpose
of the experiments. GUVs were visualised using a phase contrast inverted microscope set
up with a objective magnification of 20x.(Nikon)
The experimental set up used is described in the previous chapter. For video record-
ing, the exposure was kept to 1ms and videos of a minute were recorded. All measurements
were taken at room temperature(21◦ C). For vesicles containing high amount of DOPE,
room temperature was still below the phase transition temperature so it was possible to
make GUVs. Lipids were bought from Sigma. Lipids were dissolved in chloroform in the
ratio of 80:20 (mol%) of DOPE:DOPC resp. This mixture is then diluted to get a final
concentration of 0.5mg/ml in chloroform to be used for GUV electroformation as described
in section.
7.2 Results and Discussion
7.2.1 Bending rigidity of pure DOPC
Fluctuation analysis was performed on twenty five vesicles. Only data that showed a
portion of the power spectrum that had a slope of −3[−3.0,−3.07] were used to calculate
the bending rigidity of the vesicles. To reduce artefacts only videos where the vesicle didnt
show any (less than 10%) drift during video recording were chosen for the analysis. This
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Figure 7.3: Contour Extraction.Contours extracted using the ’find contour’ routine is written in terms
of R,θ.
is because a drifting vesicles fluctuation spectrum can be influenced by the flow of the
surrounding medium. Therefore for each video the centre of the vesicle is monitored and
drift in the vesicle was traced by tracing the shifts in the centre of the vesicle. Fig.7.6
shows the values of bending rigidity calculated for 10 different vesicles at room temperature
(21◦C). Vesicle were 20 and 35 µicrons in radius. Three different range of bending
rigidity values can be seen.This could be because of the presence of more than one lamellae
constituting the vesicle. The bending rigidity multiplies as the number of bilayers. While
this is a possibility, we think that the number of vesicles analysed is not significant enough
to conclude the point. There can be other reasons for variation in the bending rigidity of
vesicles. Some of them include: the effect of gravity, temperature fluctuations, unequal
osmolarity or noisy detection of contours while processing data. These can be the reasons
that could have caused an increase in the bending rigidity value.
If we look at the lowest values of bending rigidity obtained by this method, GUVs
1-5 in Fig.(7.4), the average of the bending rigidity of the vesicles between 1-5 is around
18.2×10−20J . This value while being a little bit higher compared to the values quoted in
literature for unilamellar vesicles is still comparable. In the following paragraphs some of
the reasons for a higher value of bending rigidity is outlined.
Changes in the density in the inner and the outer environment in the vesicle helps in
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Figure 7.4: Bending rigidity values of pure DOPC vesicles calculated from fluctuation
spectrum
sedimentation of the vesicle onto the gas surface. This leads to deformations in the vesicle
and the effect of gravitational field on the thermal fluctuations of quasi-spherical vesicles
was studied by Ipsen and Henriksen.(Henriksen and Ipsen (2002)). In their analysis, these
effects were explained on the basis of a parameter called the gravitational parameter g0.
Vesicles whose sizes were less than a critical size as obtained from the gravitation parameter
are generally not affected by gravitational deformation.This size is given by :
g0 = ∆ρgR
4/κ (7.1)
where∆ρ, κ,R are the density difference between the inside and outside of the vesicle,
bending elasticity of the GUV and the radius of the vesicle respectively.
In the experiments described here, the inner and outer solutions were not equimo-
lar and hence it is possible that gravitational contributions should have been taken into
account.
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The other parameter that can cause a difference in the value of the bending elasticity
of DOPC vesicles could be the temperature fluctuations during the course of the exper-
iments. It is possible that there might have been fluctuations in the temperature while
taking the measurements considering the temperature controller setup was used to heat
glass coversilps where the sensor was recording the temperature of the glass instead of the
actual temperature of the solution. We have recently built a sample holder with provision
for inserting the temperature sensor right across the sample holder into the solution. More
robust and better sample chamber needs to be designed for a better observation of GUVs.
The third aspect that needs addressing is the contour detection algorithm. The
detection algorithm is efficient in detecting contour but it can be noisy. Noisy detection
of the contour may affect the bending elasticity measurements and analysis. Algorithms
to filter the noisy data points from the contour is currently being developed.
While, the method needs improvement, the value of the bending rigidity obtained
for DOPC is not very different from that obtained by other groups. We therefore think
that the methodology is correct and can thus be used to investigate the bending rigidity
of mixed systems.
7.2.2 Effect of non-bilayer lipid on bending rigidity
After testing the validity of the method using a known system, the method is then used
to calculate the bending rigidity of a two component mixed system. One of the lipids is
DOPC and the other lipid used is DOPE which is a non bilayer forming lipid. Two lipids
have the same chain length but has different head groups. Bending rigidities of the vesicles
from lipid mixture of DOPC:DOPE in the ratio od 8:2(mol%) is shown in Fig. 7.5. The
procedure to calculate the bending rigidity is kept exactly same as that followed for DOPC
vesicles. Only vesicles whose power spectrum showed a region with a slope of−3[−3.0, 3.06]
is used to calculate the bending rigidities. From the plot, the average bending rigidity as
calculated from GUVs (1-5) is 33.7× 10−20J at room temperature (21◦C). In comparison
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Figure 7.5: Bending rigidity values of DOPE:DOPC (8:2) vesicles calculated from fluctu-
ation spectrum
to the DOPC vesicles, this value is almost twice as high. This can be explained on the
basis of curvature elastic stress experienced by the bilayer due to the presence of non-
bilayer forming lipid. As discussed in the previous chapter, bending elasticity of a bilayer
can be related to the lateral pressure profile. Addition of DOPE to DOPC lipids causes a
reduction in the overall area per molecule there by reducing the interaction of hydrocarbon
region of the molecule with water. This causes an increase in the chain pressure which
is counter balanced by an increase in the pressure at the head group region. The PE
headgroups thus imparts a negative pressure on the PC headgroups. This leads to a
attractive force between the head groups which is facilitated by the formation of hydrogen
bonds. This increases the desire for the monolayer to bend thereby increasing the packing
frustration.Thus overall,the systems stored curvature energy increases which is reflected
in the bending rigidity of the vesicles.
This is a qualitative explanation of the observation made in these experiments. A
more rigorous treatment will involve the calculation of the lipid bilayer thickness using x-
ray diffraction methods and looking at other mechanical parameters such as area expansion
modulus and spontaneous curvature of the lipid system. Such a treatment has been done
in the past where the effect of chain length on the bending rigidity of the vesicles was
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Figure 7.6: Comparision of the bending rigidity values of pure DOPC and
DOPE:DOPC(8:2) vesicles calculated from fluctuation spectrum
studied using micro pipette aspiration technique. The results demonstrated that bending
moduli of saturated chain PCs increased progressively with chain length whereas presence
of unsaturated bonds decreased the bending rigidity (Rawicz et al. (2000)). There the
head group was kept the same so the steric interactions can be ignored and the lateral
pressure profile was investigated purely from the changes in the chain regions only. Effect
of changes in the head group is often explained in terms of the changes in the electrostatic
environment around the lipid molecule. However, in case of DOPE and DOPC lipid
mixtures, both being zwitterionic lipids, these effects may play little role in changing the
lateral pressure profile of the lipid.
The possibility that each GUV may not have exactly the same distribution of lipid
cannot be ignored. It is possible that each GUV may have a variation in the amount of
DOPE/DOPC lipids present in them. From the data we collected, it seems very unlikely
that the lipids are not homogeneously distributed. This would have reflected in the bending
rigidity of the vesicles. We observe the bending rigidity of all the analysed vesicles to fall
in the range much higher than pure DOPC vesicles. While this may be indicative of a
more homogeneous distribution of vesicles, further testing and more experiments needs
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to be done. One possibility would be using fluorescent labelled molecules and analysing
the intensity distribution using methods such as FCS of that can be indicative of the
concentration of each type of lipid present in the GUV. The effect of a fluorescent label
will perturb the calculation of bending rigidity, the presence of them will hopefully only
add up as a standard error. Further, considering the bending rigidity of pure DOPC
vesicles was slightly higher than the values reported in literature,it is possible that this
estimate is also higher than its actual bending rigidity given that all the experimental
parameters are kept the same in both situation. It will be worth using other methods to
calculate the bending rigidity and compare the results obtained from fluctuation analysis
technique described here.
7.3 Hydrostatic pressure and bending rigidity
As discussed in the Introduction of this thesis, lipid organisation and distribution
plays a crutial role in cellular events such as fission, fusion, endocytosis, exocytosis and
protein function.The distribution of lipids is actively maintained by cell via ATP dependent
processes where enzymes facilitate regulation of lipids in a membrane. The composition
varies significantly form one membrane to another within a cell and between species.
Membranes of many barophilic bacteria found in deep sea contain a large amount of
short chain fatty acids that maintain membrane fluidity at high pressures. Very little is
known about the distribution of lipids and the factors that facilitate these adaptations
to extreme environmental conditions. This is because of the lack of technologies that
allows simultaneous measurement of elasticity of membranes and high pressure systems to
simulate deep sea environment in laboratory.
To address this technology vacuum a modular high pressure sample chamber is
developed and integrated with flickr spectroscopy setup allowing measurement of elasticity
at high pressures. The setup is used to investigate the effect of pressure on the elasticity
of DOPC membranes. To our knowledge this is the first time where a microscope-high
pressure cell has been used along with VFA technique to probe the bending rigidity of
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lipid-membranes.
7.3.1 Experimental set up
The experimental setup for the study of effect of hydrostatic pressure on the bending
rigidity of the bilayer vesicles is shown in Fig.7.7.
Figure 7.7: High pressure cell for microscopy: Schematic of the experimental setup..
The pressure network and the high pressure cell used to perform these experiments
was built in house by Nick Brooks. It is fully automated and all the interfacing is done in
labview. The cell can be mounted on the microscope stage allowing optical measurements
on samples while applying pressure. The principles of pressure network built to generate
pressure is same as the one used in the pressure cell used for X-Ray diffraction measure-
ments as described in chapter 4. The window to allow the transmission of optical probe
on to the sample cell are made of 1mm thick single crystal vapour deposition type IIA
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Figure 7.8: Pressure Network: Pressure network used to generate pressure.
diamond as before. This helps in retaining pressures upto 4000 bar upto an accuracy of
±5. bar. The temperature of the cell is regulated by the circulation of water. A Pt100
sensor is used to monitor the temperature of the cell that acts as a feedback signal to
keep the cell at the desired set point. The temperature of the cell can be set to as low as
-20◦C to as high as 120◦C.Since the optical windows are 1mm thick, an extra long working
distance objective lens (ELWD 20x,NA 0.40,WD 11mm,Nikon) is used to be able to focus
on the sample.
Setting pressure, monitoring actual sample pressure and temperature are performed
by a user friendly interface developed in LABVIEW. Once the sample is placed in the
sample cell and the cell is mounted onto the microscope stage and is set to a desired
pressure and temperature, recording the fluctuation of GUVs is done as explained in
the previous section Sec.(7.1.1). The recorded fluctuation of GUVs are then processed
following the find contour, generate power spectrum routines as described in the previous
chapter (Chap.6).
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(a) Effect of pressure on the bending rigidity of
the vesicle.
(b) Effect of pressure on vesicle size
Figure 7.9: Pressure effects:(a)Effect of pressure on pure DOPC vesicles.The vesicles becomes more
and more stiff as the pressure increases.This is explained on the basis of the changes in the shape parameter
as described in the Introduction chapter. The bending rigidity of the vesicles at atmospheric pressure is
higher than the values discussed in the previous section. The plot is combined forward and backward
pressure from atm to 800-0. There is a marked increase in the bending rigidity of the vesicle between
300-600 bar region. (b)Plot showing the change in the vesicles size with increasing pressure.
7.3.2 Results and Discussion
GUVs were made using the procedure described in (7.1.1). Pressure was applied in steps
of about 100bar while keeping the temperature constant (24◦C) . GUVs were recorded
for a minute at each set pressure. The recorded fluctuating vesicles were analysed using
the protocol developed as described in chapter(6.3.1). Fig.7.9a shows the results obtained
after analysing all the videos. As the pressure increases the bending rigidity of the vesicles
increases almost linearly. While increasing pressure results in increase in the bending
rigidity of the vesicle, the size of the vesicle however decreases . In other words, as the
pressure increases the vesicle becomes more gel like while the getting smaller in size. The
bending rigidity at atmospheric pressure turns out to be close to 100 ×10−20J. This value is
high compared to the value of bending rigidity of DOPC reported in the previous section.
As pointed out earlier, presence of more than one lamellae could be a possible reason.
Further, as a preliminary analysis, not all the bending rigidity values presented here were
calculated from the portion of the power spectrum that showed a slope of −3. Instead
portions that had a slope anywhere between −2.8 to −3 were used to calculate the bending
rigidity.
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(a) Effect of hydrostatic pressure on bending
rigidity of vesicles
(b) Change in vesicle size as pressure
Figure 7.10: Pressure effects on bending rigidity: (a) Plot depicting the effect of increasing in
pressure on the bending rigidity of the vesicles obtained from the fluctuation spectrum.
While a more rigorous analysis is in progress, the observed trend can be explained on
the basis of lateral pressure profile of lipids. Increase in pressure has a similar effect of the
self assembly of lipids as decrease in temperature of the system. Increase in temperature
makes the bilayer more fluid while increase in pressure makes it more rigid. This can be
qualitatively explained on the basis of critical packing parameter. Increase in pressure
causes a decrease in the overall volume occupied by a lipid molecule by increasing the
order of acyl chains and hence promotes more dense packing. In other words, the bilayer
becomes more rigid. This is reflected in the bending rigidity values obtained in the current
experiment.
Change in the size of the vesicle as the pressure increases can also be attributed to
the fact that increase in pressure causes a decrease in the overall volume occupied by the
lipid molecule assuming water doesnt undergo appreciable change with pressure. Fig.7.10a
shows a similar trend observed while repeating the experiment on a different vesicle. The
value of bending rigidity obtained for DOPC at atmospheric pressure is around 20×10−20J.
This value is closer to the values presented in the previous section indicating the presence
of perhaps one bilayer. It is evident that the mechanical properties of lipid bilayers change
with application of pressure as expected from the packing parameter description. However,
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(a) Effect of hydrostatic pressure on bending
rigidity of DOPC vesicles
(b) Effect of temperature on the bending rigidity of
DOPC membranes from literature.
Figure 7.11: Pressure and temperature effects on bending rigidity: (a) Plot depicting the effect
of increasing in pressure on the bending rigidity of the vesicles obtained from the fluctuation spectrum.
(b) Plot of the effect of temperature on the bending rigidity of the DOPC vesicles from literature. Increase
in temperature decreases the bending rigidity.
more experiments need to be done to understand the exact behaviour of vesicles with
increasing pressure. We have some preliminary results showing an opposite trend while
decreasing pressure on vesicles. It indicates the fact that the experiments are reproducible
and in both the directions of application of pressure.
Average bending rigidities of 5 vesicles calculated for pressures between 0 and 600
bar shows a logarithmic relation between the pressure and bending rigidity. The relation
between the temperature and the bending rigidity of the DOPC vesicles by other groups
is exponential Niggemann et al. (1995), Fig.7.11b. The decrease in bending rigidity was
attributed to the increase in the area per lipid molecule and thinning of the bilayers. Here
increase in pressure causes the chains to stretch and reduces the splay. This increases the
bilayer thickness and the area per lipid molecule and hence increases the bending rigidity.
The value changes upto few orders of magnitude with pressure. Temperature studies on
DMPC membranes also showed a significant increase in the bending rigidity below the
main transition.
Since increase in pressure is similar to decrease in temperature, we will draw analo-
gies from the observed trend from temperature measurements. The effect of temperature
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on the head group thickness and chain thickness is different in that temperature affects
the chain region more than the head group. The hydrocarbon contractibility for DOPC is
0.0019/deg whereas the head group contractibility is around 0.0014/deg at 30 deg. The
chain region therefore contributes more significantly to the variation in the bilayer thick-
ness as well as the area of the lipid molecule. We will therefore look at the interactions at
the chain region Pan et al. (2008).
The forces acting along the lipid hydrocarbon chain region is mainly identified to be
the Van dar waals attractive forces between the chains, steric forces, short ranged hydration
forces that are repulsive, and finally entropic or fluctuation forces. The attractive Van dar
waals forces seem to depend on the chain length, increasing with increasing chain length for
short and medium chain lengths. Increase in pressure causes the chain to stretch thereby
increasing the total length of the hydrocarbon chain region. This increases the attractive
forces between the chains thereby densifying the chain regions. This reduces the area per
lipid and hence makes the membrane more rigid.
The repulsive fluctuation forces or the entropic forces increases with temperature
whereas the van dar waals forces remains constant for a given value of hydration. The
bilayer thickness was found to vary more significantly with temperature as compared to
the total thickness including the thickness of water spacing and bilayer thickness.
If individual vesicle plots are examined, (Fig.7.9a) one can see that there is a marked
increase in the bending rigidity value between 300 to 500 bar. This increase is seen in all
the 5 vesicles analysed in the present work. Owing to the fact that DOPC doesn’t undergo
any phase transitions at these conditions, the exact reason behind such a marked increase
in the value of bending rigidity is still under investigation. Since the radius and hence the
size of the vesicle doesn’t show a sharp discontinuity in all the vesicles, permeability issues
can be ignored. It is possible that there could be molecular rearrangement taking place
between 300-500 bar that contributes to the high value of bending rigidity. A thorough
analysis of wide angle scattering of DOPC membranes will help in understanding the
molecular arrangement and dynamics at these pressures in greater detail.
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To summarize, Increase in pressure has the same effect as decrease in temperature
on the bending rigidity of DOPC membranes. Pressure decreases the area per lipid and
increases the bilayer thickness. These in turn increases the bending rigidity of membranes.
7.4 Summary
Application of the fluctuation analysis technique developed as described in (Chap.6)
is presented in this chapter. DOPC vesicles were used to test the validity of the technique.
The results are in close agreement with values obtained by other groups in literature.
Some of the improvements that can be done to the developed technique is presented. A
comparison of bending rigidity of a non-bilayer lipid rich GUV with that of a pure DOPC
(bilayer forming lipid) showed a marked increase in the bending rigidity value as expected
from the shape parameter description of lipid membranes. A novel experiment performed
as an extension of the applications of the technique is presented. Effect of pressure on
lipid bilayers was explored. The trend shown by the experiments is also as expected
from the shape parameter description f lipid membranes. Study of effect of pressure on
bending rigidity and hence protein function will be interesting in understanding the cellular
function of the deep sea organism. Of particular interest could be the effect of pressure on
membrane associated processes in their cells. It has been observed that pressure affects
the protein signalling pathways in many deep sea organisms. Experiments such as the
one presented here being non invasive can be useful in in understating the underlying
mechanical changes that is brought about by changes in the physical environment.
Publications
Hydrostatic pressure effects on membrane mechanics.
S.Purushothaman, Nick Brooks, O.Ces (Submitted).
Effect of non-lamellar lipids on bending rigidity, spontaneous curvature and membrane
protein function.
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This chapter concludes the observations made so far and discusses the possible extensions
on these topics .
8.1 Summary
The aim of the work presented here is to study the elastic behaviour of lipid membranes
in the presence of non-lamellar lipids. Towards this, it was proposed to develop techniques
to measure come of the parameters and relate the values so obtained with protein activity.
With the variety of lipids found in cellular membrane, measurement of elastic parame-
ters for various lipids of interest demands user friendly and more robust high throughput
techniques. Development of these will ease collection of data for various lipid systems and
will aid in creating a library of values of some of the elastic parameters for various lipids.
This will facilitate our understanding of the mechanical stresses in lipid membrane and
their role in cell function. Particular interest has been taken in development of techniques
to measure spontaneous curvature and bending rigidity of lipid membranes. Spontaneous
curvature measurements are done using X-Ray diffraction technique. Traditional X-Ray
beamlines are capable of handling from 1 to a few samples at a time. We have developed
a sample chamber that can hold upto 103 samples with 8 different sample environment
capabilities. The entire data collection procedure is successfully automated using LAB-
VIEW interface. GUIs are developed in order t facilitate the ease of use by a third party.
Additionally, basic X-Ray diffraction analysis software is also developed in LABVIEW .
It was proved that such a high throughput system is possible to build and develop.
We would like to further integrate the analysis software with the data acquisition
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process so that most of the processing is done simultaneously. This will have two advan-
tages: first with the collection of thousands of images,data analysis can become tedious
and time consuming. A preprocessed data will help in deciding the data to choose from
thereby saving time considerably. Secondly, the entire beamline will be run on one platform
which is easy to handle given the number of components involved in the construction.
Finally a complete phase diagram of a known composition will prove the repeatability
of the image acquisition process.
We have shown one such application of X-Ray beamline by measuring the sponta-
neous curvature of DOPE:DOPC systems. Traditionally, one needs to calculate the pivotal
plane explicitly in order to measure the spontaneous curvature of membranes. Here we
have followed a method performed by our lab in the past where the position of the pivotal
plane is kept constant at the third acyl chain position of the lipid membrane. The results
obtained by this method in case of DOPE:DOPC system presented here are consistent
with the values reported in literature. This proves that for these systems one can fix the
pivotal plane and have a look at the spontaneous curvature values as the composition of
the lipid mixtures is varied. It was observed that addition of small amounts of alkane and
DOPC lipid greatly increased the spontaneous curvature of the lipid system.An qualitative
explanation for the observed behaviour is presented.
While fixed pivotal plane concept seems to be applicable for this composition, esti-
mation of the approximate position of pivotal plane in case of various lipid compositions
may not be straightforward. It is therefore necessary to develop techniques to measure
the pivotal plane of lipid membranes. Keeping with the overall theme of the work pre-
sented here, we are particularly interested in developing high throughput osmotic stressing
chamber in future. Possibility of transferring the technique onto a microfluidic chip is con-
sidered.
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8.2 Displacement Sensor for the Osmotic Stress Apparatus
The analysis of the effect of pressure on the curvature of the lipid bilayer can be done
in many ways. We use the osmotic stress technique to find elastic constants of the lipid
systems. Towards this approach, the osmotic pressure cell had been developed by Dr.
Andrew Heron in the past Gauth et al. (2009). The idea was to directly apply mechanical
pressure through a semi-permeable membrane without using the traditional osmolyte.This
approach facilitates much less use of sample and the absence of a polymer stressing medium
makes it much easier to handle the sample and recover.
The osmotron developed in the lab is capable of stressing the lipid sample. However
there were difficulties in measuring the displaced water to the required accuracy. It is
therefore required to set up a mechanism to accurately measure the volume of water
displaced in order to get more accurate values of the changes in the curvature of the
sample under pressure. The other difficulty towards this was the loss of water due to
evaporation. While the latter is still an issue the former problem is being addressed.
Figure 8.1: Displacement sensor set up: Circuit diagram for the displacement sensor developed
in the lab. Preliminary tests show that there is a linear response between the output voltage and the
displacement upto 10µl.
This apparatus is being built using the reverse bias current compensation principle.
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The light is sent to the reservoir via a multi-mode coupler. The reflected light from the
surface will be collected from the other end of the coupler. The received light is then fed to
one of the photo sensor diodes. There is another photo sensor diode which is illuminated
using the principle light source. The incident light and the reflected light is compensated
by a reverse bias configuration and the residual current is amplified to see the changes in
the water level. The current is directly proportional to the distance of the light source from
the reservoir. Any changes in the current value after compensation should in principle give
the information about the displacement of water.
The apparatus is built and preliminary test is ongoing. We have seen a linear
response to a displacement of upto 10µl water.(Data not shown). Further tests need to be
done to make the apparatus more robust.
It will be interesting to see the effect of pressure or temperature on the spontaneous
curvature of the lipid systems presented here. We have collected data pertaining to the
temperature effects on spontaneous curvature value of DOPE:DOPC lipid systems. Studies
like this will help in getting a better understating of the fundamental mechanical principles
that govern the cell function in a wide range of organisms .Particularly it will give insight
on the differences in the membrane behaviour of deep sea organisms in contrast to the
land creatures. Further it will help in getting a better idea of the role of lipid composition
in maintaining proper signalling in and out of a cell under various physical conditions.
We have studied the effect of hydrostatic pressure on this lipid system. It is observed
that the phase boundary increase with increase in pressure and temperature. High PE
containing lipid mixtures are more sensitive to the changes in pressure. It is also speculated
that at high pressure the membrane becomes more rigid, the proof of which was presented
in the later chapter using fluctuation mode analysis.
Further experiments to explore the dynamics of the phase changes occurring in
response to the change sin the pressure needs to be done. More rigorous measurements of
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changes in the chain or the head group area in response to pressure changes is required
to understand the mechanism of these phase transitions. A complete span of variations in
the lipid composition will help in understanding the role of non-bilayer lipid in regulating
membrane elasticity.
The discussion presented so far is based on experiments that can be performed on
X-Ray beamline . The measurements that can be performed here are mainly on multi-
lamellar stacks of lipids. Cell membrane however are unilamellar. It is therefore vital
to extend these observations onto a unilamellar system. Moreover development of high
throughput apparatus for the measurements discussed above can be difficult in that most
of the apparatus are clumsy and requires considerable amount of parts to be integrated.
The techniques for single measurements work very well however extension of them onto a
high throughput platforms can be involved. Here we presented a relatively simpler pro-
tocol to measure bending elasticity of unilamellar systems. Fluctuation analysis is a non
invasive technique that extracts the bending rigidity of thermally fluctuating membrane
by recording its fluctuations. We have successfully developed the technique using LAB-
VIEW interface. The program is automated, user friendly and relatively easier to use as
opposed to its X-Ray counterparts. The downside of the technique is however the analysis
procedure can be non-trivial and may require a fair bit of understanding of some of the
concepts. We will come to that discussion shortly. We used DOPE:DOPC(80:20) and
pure DOPC vesicles as our test samples to keep with the aim of the project. We observed
that vesicles with high PE is more rigid as opposed to the pure DOPC vesicles. Further
the bending rigidity of pure DOPC vesicles is close to the values obtained by other labs.
We find our bending rigidity value is slightly higher than the values quoted in literature.
It is suggested that the number of vesicles analysed is less and more statistics need to be
collected to get a better value. Further it is speculated that the GUV might be inter-
acting with the glass surface of the sample chamber. The fact that the sample chamber
was not temperature regulated is also need to be considered. We have developed a basic
temperature regulator from the controller developed in the past for DSC measurements.
Finally ,the effect of temperature on bending rigidity values is a ongoing study.
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We have studied the effect of hydrostatic pressure on GUV. This work is done in
collaboration with DR. Nick Brooks(Imperial College). Study of variation of bending
rigidity with pressure on giant unilamellar vesicles has not been performed in literature.
Our preliminary experiments hows the expected trend where pressure increases the bend-
ing rigidity of the vesicles. More experiments are being performed to get more accurate
values of bending rigidity of the vesicles.
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A.1 Sample Chamber
Figure A.1: Find D-spacing:.Labview block diagram to calculate the D-spacing.
A.2 Pressure Effects
1. Plugin to convert raw data collected from DIAMOND into tiff file.
All files were HDF5 files. To convert the files into a form that can be read in Labview
(Tiff) an HDF5 plug in is installed and the following macro is added. The macro
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Figure A.2: Calibration:.Labview block diagram for calibration.
Figure A.3: Read ESRF Data:.Labview block diagram to read ESRF data.
Figure A.4: Pattern matching:.Pattern matching routine.
allows to choose the directory contaning files to be cnverted and saves the converted
images in the destination provided by the user.
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Figure A.5: Read diamond data:.Routine to read images from Diamond light source.
Figure A.6: Read and write temperature:.Labview block diagram to set the temper-
ature and read the temperature recorded by the pt100 sensor.
head=getDirectory("Choose directory");%choose a directory where files are present.
setBatchMode(true);
children=getFileList(head);
for (j=0; j<=10; j++) % No of files to be read.
{
k = j + 49131;
curChild=head+children[j] ;
run("Load HDF5 File", "open=[curChild] 4d image=[float] width=1475 height=1679
offset=0 number=1 gap=0 ");
saveAs("Tiff", "G:\\newfolder7\\new_"+ k +".tiff"); % save as tiff file .
close();
}
ESRF files were converted manually in imagej environment into tiff files that were
then used to do further analysis.
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Figure A.7: RS 232 Commands:.RS232 Commands provided by the supplier to be used
to build the labview interface for temperature read outs..
A.3 Bending Rigidity
Front panel of the automated fitting routine
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Figure A.8: RS 232 Commands:.RS232 Commands provided by the supplier to be used
to build the labview interface for temperature read outs
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Figure A.9: Find D-spacing:.Labview block diagram to calculate the D-spacing.
Figure A.10: Automatic fitting. Figure shows the block diagram of the automted fitting
routine developed to automatically find the region of the desired slope and fit a straight
line.
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Figure A.11: Generate power spectrum.Front panel of the routine that converts the
radius and anglular details into power spectrum. This spectrum is then fit to extract the
bending rigidty of giant unilamellar vesicles.
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